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Abstract
ABSTRACT
The tribology of microelectromechanical systems (MEMS) and the wear 
mechanism of materials used to fabricate these devices are o f current interest to 
researchers. Most work to date has concentrated on layers of these materials and 
little data are available on real, fully functional MEMS. This thesis investigates 
both the surface and wear properties o f a self-assembled monolayer (SAM) coated 
MEMS test structure fabricated at Sandia National Laboratories, USA. Auger 
electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), scanning 
electron microscopy (SEM), atomic force microscopy (AFM) and transmission 
electron microscopy (TEM) were used to study the surface chemistry, morphology 
and bulk structure of the MEMS gears and substrate. Wear behaviour of the MEMS 
was investigated using a diamond tipped AFM cantilever operated under different 
loads.
Regarding the MEMS test structure, SEM and AFM images show an island-like 
morphology on the polycrystalline silicon (polysilicon) gear and silicon nitride 
substrate surfaces but it is not associated with columnar growth according to SEM 
and TEM cross-sections investigations. AFM wear studies show this island- 
structure undergoes greater wear than the surrounding areas and will be worn flat at 
the early stage o f wear. XPS and AFM force curve results confirm the presence of 
the octadecyltrichlorosilane (OTS) SAM on the MEMS surface. The presence of 
OTS increases the wear resistance of the MEMS surface. Compared with the 
uncoated LPCVD polysilicon layer and CVD silicon nitride layer, wear resistance 
of the MEMS gear improves by 2 times while that of the substrate improves by up 
to 3 times.
The wear mechanisms o f the selected materials used for MEMS manufacture in the 
load range from 10 to 70 pN are discussed. Determination of specific wear amounts 
as a function of maximum contact pressure provides useful information on 
determining the wear mechanisms o f these materials.
i
Acknowledgements
ACKNOWLEDGEMENTS
During my study I have been accompanied and supported by many people. I am 
pleased that I have now the opportunity to express my gratitude to all of them.
The first person I would like to thank is my supervisor Dr Mark Baker for his 
support, guidance and encouragement throughout this research. I would also like to 
thank Professor John Watts and Professor Jim Castle for their invaluable advice and 
stimulating suggestions.
I would like to express my gratitude to some people in the Surface and Interface 
Analysis Group and in MSSU: Dr Peter Zhdan, Dr Steve Hinder, Mr Andy Brown, 
Mr Steve Greaves and Dr Yanling Chen. In addition, I am grateful to Dr Zheng Cui 
of Rutherford Appleton Laboratory. Without their unflagging assistance, my work 
would not have been nearly as fruitful. Many thanks must go to the rest of the group 
especially Dr Marie-Laure Abel, Dr Miguel Monclus, Mr Daniel Barber, Ms 
Marianne Guichenuy, Mr Philip Hawtin, Mr Keir Boxshall, Mr David Jesson, Dr 
Joe Choi and Dr Ann Rattana. They helped me out greatly and provided much 
needed comic relief during the time I spent in the laboratory.
Thanks are also due to Mr Dave Lawrence, Mrs Penny Briggs and Mrs Shirley 
Hankers for their help regarding academic events and general life and especially to 
Mr Stu Hill, who saved my hard-won data whenever there was a computer crash.
I could not have got anywhere near this point without the love and support of my 
husband, Dr Ben Woodley. His company and words of encouragement have helped 
drive me towards to this goal when depression was overwhelming.
Finally, I would like to thank my parents for supporting me in pursuing my thirst 
for knowledge. They gave me the chance to have the education that they never had. 
Their love is always the power for me to move on in my life.
Everything has its beauty but not everyone sees it.
 Confucius (Chinese philosopher & reformer, 551 BC - 479 BC)
Table o f  Contents
TABLE OF CONTENTS
Abstract.............................................................. i
Acknowledgements............................................ n
Table of Contents...............................................Hi
List of Figures..................................................... ix
List of Tables.................................................... xvii
1. Introduction
1.1 Introduction.......................     1
1.2 Aims of this w o rk   ...............     2
1.3 Outline of thesis.................       3
2. MEMS Fabrication, Function and Wear
2.1 Introduction  ....................       5
2.2 Materials used for MEMS fabrication  .......    5
2.3 Release process and self-assembled monolayers (SAMs) 10
2.4 Wear and failure  ...............   15
Table of Contents
2 .5  Techniques em ployed  to  s tudy th e  w e a r  and fa ilu re  o f
MEMS ......................       18
2 .6  Concluding rem arks   ..............    ........21
3. Experimental Techniques and Details
3 .1  In t r o d u c t io n   ......................       22
3 .2  A uger e lec tron  spectroscopy ..................   22
3.2.1 Principle of the Auger process  .....................................................24
3.2.2 Instrumentation ................................................................................... 26
3.2.2.1 Electron sources  ............................................     ............26
3.2.2.2 Analysers  ........       28
3.2.3 Sputter depth profiling ...................................     31
3 .3  X -ra y  pho toe lec tron  spectroscopy  .......     ....33
3.3.1 Principle of X-ray emission  .....................   34
3.3.2 Instrumentation  ...................................     35
3.3.2.1 Vacuum system for XPS experiment ...............  ....36
3.3.2.2 X-ray sources.  ...........         ....37
3.3.2.3 Charge compensation...................................       38
3.3.2.4 Analyzer  ....................      39
3.3.3 Quantification and peak fitting ...........................................................40
3.3.4 Angie-resolved X-ray photoelectron spectroscopy..........................41
3 .4  A tom ic fo rce  m icroscopy..............................   43
3.4.1 Instrumentation .............       .43
3.4.1.1 Scanner.............................       .43
3.4.1.2 Probe  ............       46
3.4.1.3 Probe position detector..........................   ...47
iv
Table o f  Contents
3.4.2 Contact AFM.....................................................................................  48
3.4.3 Tapping AFM...........................................................................................49
3.4.4 Force analysis in AFM..................................................   50
3.4.5 Nanowear review  ........       53
3.4.5.1 Indentation probes  ...............      ..........53
3.4 5.2 Wear testing  ................       54
3 .5  Transm ission e lec tron  m icroscope.............................................. .55
3.5.1 Instrumentation  ......        55
3.5.1.1 The electron gun..............        55
3.5.1.2 The condenser system  ........           55
3.5.1.3 The specimen chamber  ..........      .....57
3.5.1.4 The objective and intermediate lenses...............  58
3.5.1.5 The projector system images  ...........     .....59
3.5.1.6 The camera  .......           59
3.5.2 Specimen preparation for TEM.  ..................................  ....60
3 .6  E xperim en ta l de ta ils   ....................    61
3.6.1 Introduction...........................       61
3.6.2 Auger electron spectroscopy (AES).....................   .....61
3.6.3 X-ray photoelectron spectroscopy (XPS).............................  62
3.6.4 Atomic force microscopy (A FM )..........................................................62
3.6.5 Transmission electron microscopy (TEM)....................  63
4. Auger Depth Profile of 100 nm Reference Ta205 
Layers
4 .1  In tro d u c t io n ..............................   64
4 .2  Results and d is c u s s io n ...........................................................   65
4 .3  Concluding re m a rk s ..............................       73
Table o f  Cottients
5. Morphology and Microstructure of MEMS
5.1 Introduction.  ................................................................73
5.2 MEMS test structure................................... .......................... 73
5.3 Surface morphology....  ................................................76
5.4 Microstructure of MEMS  ....................   78
5.4.1 SEM cross-section..............     78
5.4.2 TEM cross-section........................................................  ...81
5.5 Discussion .............     .83
5.6 Concluding rem arks  .....    85
6. Surface Chemistry Evidence of Self-assembied 
Monolayer
6.1 Introduction  .......    ..87
6.2 Surface chem istry.................................................  87
6.3 Discussion...............................................................................9 9
6.4 Concluding rem arks...................   101
7. Wear of MEMS and MEMS Materials
7.1 Introduction..........................................................................102
7.2 Wear on MEMS  .........................   ....102
7.2.1 Wear on MEMS test structure surface....................   ..102
7.2.2 Monolayer effect on wear of MEMS.............................................104
vi
Table o f  Contents
7.3 Discussion..................     Ill
7.4 Concluding remarks  ..................................................... 116
8. Wear Mechanisms of MEMS Materials
8.1 Introduction...................         117
8.2 Wear of the silicon wafer..................   117
8.3 Wear of the LPCVD polysilicon and CVD silicon nitride layers 
.................................       119
8.4 The effect of contact pressure on wear properties of MEMS 
materials ...................       122
8.5 Discussion..........................     ....126
8.6 Concluding rem arks..............................................................129
9. Discussion: SAMs and Wear Mechanisms of 
MEMS
9.1 Introduction.....................................................   131
9.2 Effect of SAM on wear behaviour  ......................   134
9.3 'Break and stay' lubricating m odel....................   136
9.4 Stability of OTS on MEMS gear and substrate.................. 140
9.5 Contact pressure and wear mechanism of MEMS materials..
..............................................................................................  .144
Table o f  Contents
10. Conclusions and Future Work
10.1 Conclusions......................       147
10.2 Future w o rk ......................................    148
References ......................................................150
List o f  Figures
LIST OF FIGURES
Figure 2.1 Typical hot-wall LPCVD reactor ...............................................7
Figure 2.2 Schematic of the basic processes employed in a surface 
micromaching micromachining fabrication process.................................... 11
Figure 2.3 Water contact angles on oxide and SAM-coated Si surfaces 13
Figure 2.4 Schematic of SAM formation process (not to the scale)  ...........14
Figure 2.5 Microengine with close-up views of the comb drive (top left) and 
drive gear (bottom left) .....................................   16
Figure 2.6 a) Wear debris on drive gear and hub; b) Severe pinhole damage.
 ...............................................         17
Figure 2.7 SEM Images of a) spring elements (arrows show points of contact 
with substrate and b) polysilicon microengine with debris  ............ 19
Figure 2.8 TEM micrograph of wear debris....................................   19
Figure 2.9 Diffraction patterns of wear debris (left) and the polysilicon gear 
tooth (right) ....;...............................  19
Figure 2.10 a) Seized microengine with the pin joint sheared through; b) A 
high magnification of wear along pin jo in t.......................................... .....20
Figure 3.1 Electron beam interactions with a so lid .............     23
Figure 3.2 Variation of the mean free path as a function of kinetic energy of 
the electrons by Seah and Dench.............................................................23
List o f  Figures
Figure 3.3 The Auger electron emission process. A high-energy primary 
electron beam creates an atomic core hole. Relaxation of the atom involves an 
electron from a high energy state filling the vacancy and emission of a KL^Lzs
Auger electron .............................................     24
Figure 3.4 Schematic diagram of the cylindrical mirror analyser (CMA) 29
Figure 3.5 Schematic diagram of hemispherical sector analyser (HAS)..... .30
Figure 3.6 Definition of depth resolution................................................33
Figure 3.7 Schematic of the XPS process, showing photoionization of an atom 
by the ejection of a Is electron..............................................................35
Figure 3.8 A schematic diagram of an XPS spectrometer......................... 36
Figure 3.9 Angle-resolved XPS experiment geometry (01=10°, e2=5Q°, 03=7O°, 
angles are relative to the sample normal).........................   42
Figure 3.10 A schematic diagram of a generic SPM ................................ 44
Figure 3.11 Scanner motion during data acquisition  ........................ 44
Figure 3.12 Typical scanner piezo tube and x-y-z electrical configurations .45
Figure 3.13 Scanning Electron Micrographs showing: a) the Si3N4 cantilever; 
b) the shape of the SI3N4 tip; c) the Si cantilever and d) the shape of the Si tip 
.............................     46
Figure 3.14 Quad-cell photodetector arrangement 
Figure 3.15 Imaging modes for contact AFM .......
48
49
List o f  Figures
Figure 3.16 Tapping cantilever: 1) in free air and 2) near a sample surface .. 
.........................     50
Figure 3.17 Van der Waais force versus distance graph illustrating the various 
types of forces being experienced by the tip at the sample surface............ 51
Figure 3.18 Contact AFM force p lo t.......................................... ........... 52
Figure 3.19 Tip-sample interaction during a force plot  ........................ 52
Figure 3.20 Typical indentation probe .............................   53
Figure 3.21 Wear testing .....................................................................54
Figure 3.22 Microscope column of transmission electron microscope........ 56
Figure 3.23 The two-lens condenser system. The spot size at the gun 
crossover is demagnified by the first condenser lens C l. The second condenser 
lens C2 is used to focus the beam; it may also change spot size, (a), (b) and (c) 
show under-focused, focused and over-focused beams respectively....... ....57
Figure 3.24 The optics of the objective and first intermediate lenses ....... 58
Figure 3.25 Top view of the FIB prepared TEM fo il ......................... 61
Figure 4.1 An Auger spectrum of the Ta20 5 native surface specifies 0  and Ta 
peaks' positions used to produce the depth profile ................................ ...65
Figure 4.2 Standard 100 nm J^2Os! Ta film depth profile at x20 magnification 
and 170 nA ion current  ..................................     .....67
Figure 4.3  Schematic of film depth as a function of atomic percent at x20 
magnification and 170 nA ion current.....................   67
List o f  Figures
Figure 4.4 Standard 100 nm TaiOs! Ta film depth profile at x20 magnification
and 60 nA ion current ....................       68
Figure 4.5 Schematic of film depth as a function of atomic percent at x20 
magnification and 60 nA ion current........................................................68
Figure 4.6 Schematic of film depth as a function of atomic percent at x50 
magnification and 175 nA ion current......................................................69
Figure 4.7 Schematic of film depth as a function of atomic percent at x50 
magnification and 70 nA ion current  ............................................69
Figure 5.1 MEMS test structure. Size measures at 6.3 x 2.8mm.....   74
Figure 5.2 SEM image of MEMS gears (polysilicon) and substrate (silicon 
nitride) at electron beam energy of 12 keV (indicated as ' Liner gear drive' in 
Figure 5.1)....................         75
Figure 5.3 SEM micrograph of MEMS gear at electron beam energy of 5 keV 
  ........................       76
Figure 5.4 AFM surface profiles of MEMS silicon nitride substrate (left) and 
polysilicon gear (right)....................................     77
Figure 5.5 Differential Auger point spectra from the MEMS polysilicon gear 
island (top) and flat surface (bottom).............................   78
Figure 5.6 Top view of broken gear surface and cross section area  ..... 79
Figure 5.7 SEM image of cross section of broken gear with its surface ..... 80
Figure 5.8 Island-like structures at high magnification ......................   80
Figure 5.9 a) Top view of a FIB prepared sample from a MEMS gear. The thin
xii
List o f  Figures
cross section is ready to be cut free and moved to a TEM sample grid, b) TEM 
sample prepared from the top gear shown in Figure 5.2. (The sample is 
composed of a top polysilicon gear layer and another polysilicon layer 
underneath. There is a hole in the gear. Platinum has been deposited onto the 
top surface and into the hole prior to the FIB milling)................   81
Figure 5.10 TEM micrographs of MEMS polysilicon gear film (taken from the 
dashed box area in Figure 5.9 (b)). (a) Low magnification image showing the 
amorphous layer present in regions where the Pt coating layer is thick, but 
absent where this Pt layer is thin, (b) Higher magnification image of the 
amophous layer, showing a local area where the polysilicon surface is not flat. 
   .82
Figure 5.11 EDX maps of the area shown in Figure 5.10 (b); a) platinum; b) 
silicon..........................     83
Figure 6.1 AFM force curves on the MEMS gear and substrate (bottom) 
compared with the reference silicon wafer and CVD silicon nitride layer (top), 
(spring constant: 0.6 N/m; scanning rate: 1 H z)....................................... 88
Figure 6,2 Auger spectra of survey and Si-KLL region on: MEMS substrate 
(top) and gear (bottom)............         89
Figure 6.3 Survey and peak fitted spectra of C Is and Si 2p of the reference 
silicon wafer ......................................................................................90
Figure 6.4 Survey and peak fitted spectra of C Is and Si 2p of the MEMS 
silicon nitride substrate................     91
Figure 6.5 Survey and peak fitted spectra of C Is and Si 2p of the MEMS 
polysilicon gea r  ........................................................  92
Figure 6.6 Angle-resolved XPS survey, C Is and Si 2p peak fitted spectra at 
different take-off angles (Bulk: 28°, Surface: 78°, see Figure 3.8 for definition)
recorded from the MEMS substrate
List of Figures
mmmmmmmmsmmmammm
 95
Figure 6.7 Angle-resolved XPS survey, C Is and Si 2p peak fitted spectra 
recorded at different take-off angles (Bulk: 28°, Surface: 78°, see Figure 3.8 for 
definition) from the MEMS g ea r................................     95
Figure 6.8 XPS spectra show the oxidation of MEMS gear before (a) and after 
(b) 7 months stored in a ir   .............................................................98
Figure 6.9 Schematic of SAM formation process on silicon......................100
Figure 7.1 AFM wear micrographs of the MEMS polysilicon gear before and 
after wear at 35 gN normal load (one cycle)......................   103
Figure 7.2 AFM wear micrographs of the MEMS silicon nitride substrate before 
and after wear at 40 jiN normal load (five cycles) ....   104
Figure 7.3 AFM wear micrographs show HSG is worn down to a flat level after 
applying a 70 qN normal load on the MEMS a) polysilicon gear (one cycle) and 
b) silicon nitride substrate (five cycles).................................................. 105
Figure 7.4 AFM profiles of MEMS polysilicon gear before (left) and after 4.5 
hours Ga etching at 15 keV, current 5 nA (right) using a VG TOF-SIMS 
Reflection instrument........................................................................... 106
Figure 7.5 Force distance curve of MEMS polysilicon gear with SAM present 
(top), absent (middle) and the reference LPCVD polysilicon (bottom)........107
Figure 7.6 AFM wear micrographs of MEMS surfaces with (left) and without 
SAM coating (right) after scanning at 50 gN normal load on the a) polysilicon 
gear, one cycle and b) silicon nitride substrate, five cycles.......................109
Figure 7.7 Wear depth as a function of normal load for (a) the MEMS 
polysilicon gear surface in comparison with the reference silicon wafer and the
xiv
List o f  Figures
LPCVD polysilicon layer and (b) the MEMS silicon nitride substrate compared 
with the CVD silicon nitride layer. (The arrow bar shown is the standard error
of the mean)................ ..................... ................... ............................. 110
Figure 7.8 Three type of wear processes............................................. I l l
Figure 7.9 Illustration of the wear mechanism of SAMs with increasing normal
load by Liu and Bhushan...................................................................... 114
Figure 8.1 SEM micrographs of AFM wear scars at different normal loads on 
the silicon wafer after one scan ......   118
Figure 8.2 SEM micrographs of AFM wear scars at different normal loads on
the LPCVD polysilicon layer after one scan (tip was scanned horizontally) . 120
Figure 8.3 SEM micrographs of AFM wear scars at different normal loads on 
the CVD silicon nitride layer after five scans (tip was scanned vertically) ... 121
Figure 8.4 AFM micrographs and section analysis of the diamond tip by 
scanning slicon grating TGT01. The radius of the tip was determined to be 
approximately 120 nm ......................................................................... 124
Figure 8.5 The specific wear amount of a silicon wafer, LPCVD polysilicon layer 
and CVD silicon nitride layer as a function of maximum Hertzian contact 
pressure (Numbers along the line indicate the corresponding loads in pN) ....
  ........       125
Figure 9.1 A bent AFM diamond probe cantilever (bottom) resulting from the 
height of component on MEMS exceeding the movement limit of AFM scanner 
....................................................       133
Figure 9.2 Illustration of the wear mechanism of SAMs with increasing normal 
load by Liu and Bhushan........................................................   135
XV
List o f  Figures
Figure 9.3 Wear depth as a function of normal load after one scan cycle 
shown by Bhushan and Liu (4,4'- Dihydroxybiphenyl, DHBp)....................136
Figure 9.4 Some possible transport routes of SAM molecules and fragments 
during AFM wear.........................   .138
Figure 9.5 MEMS test structure surfaces with edges presence before and after 
reaction with SAM molecules  ...................................   ....140
Figure 9.6 Schematic of collapsed sites on the organosilane/silicon electrode 
.......................       ...141
Figure 9.7 Schematic of water islanding at defect site  .......................142
Figure 9.8 Debris generated around the hub region (a) and gear surface (b) 
on a microengine ......................................      145
Figure 9.9 Schematics of two-bodies and three-bodies contact of surfaces ... 
.................           145
List o f  Tables
LIST OF TABLES
Table 2.1 Mechanical properties of selected materials................   6
Table 2.2 Common gases used in CVD......................................  8
Table 2.3 Properties of silicon nitride films deposited using different techniques
....................................       9
Table 4.1 Correlation between ion current and sputter rate at different 
magnification..............       71
Table 4.2 Sputter rate and depth resolution at different beam current and 
Magnification .................................................       71
Table 6.1 Binding energy (eV) of XPS fitted C Is and Si 2p components and 
elemental concentrations determined for the silicon wafer, silicon nitride MEMS 
substrate and polysilicon MEMS gear.......................................................93
Chapter One - Introduction
CHAPTER ONE
INTRODUCTION
1.1 INTRODUCTION
Microelectromechanical systems (MEMS) are integrated micro devices combining 
electrical and mechanical components fabricated using integrated circuit (IC) 
compatible batch-processing techniques and range in size from microns to 
millimetres. These systems can sense, control and actuate on the microscale and 
function individually or in arrays to generate effects on the macroscale. MEMS are 
the next logical step in the silicon revolution and the subject of intense research 
activity.
Thanks to its good mechanical properties, compatibility with IC processing and 
resistance to hydrofluoric acid (HF), an etching agent used during MEMS 
manufacture processes, polycrystalline silicon (polysilicon) is still the major 
material employed to construct both the mechanical and electric parts of MEMS 
devices. One o f the most challenging issues regarding polysilicon-based MEMS is 
their reliability. Failures induced by wear can be found in parts that involve sliding 
motion and operate under stress. The wear mechanism has been intensively studied 
on materials employed to fabricate MEMS devices, such as silicon, silicon nitride 
and doped and undoped polysilicon in both macroscales and microscales. However, 
little work has been done on real, fully functional MEMS devices. An investigation 
of real MEMS parts is o f paramount importance in understanding the origin of 
device failure.
1
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1.2 AIMS OF THIS WORK
The original aim o f this work was to employ microscopic and spectroscopic 
techniques to examine the wear process o f MEMS devices occurring during 
operation. Auger electron spectroscopy (AES) would have been a major analytical 
tool to study the wear debris produced during operation of the MEMS. 
Consequently, becoming familiar with Auger spectroscopy and Auger depth 
profiling was important. However, due to the unavailability of lifetime tested 
MEMS samples from our collaborator, Rutherford Appleton Laboratory (RAL), the 
work program was changed during the PhD and wear studies were instead 
undertaken in-situ, using atomic force microscopy (ATM). The final aims of the 
work are described below:
(1) To undertake Auger depth profiles o f a 100 nm thick Ta20 5  reference 
material using different experimental parameters in order to develop 
experimental capabilities in electron spectroscopic/ microscopic techniques.
(2) To characterize the surface chemistry o f MEMS devices using AES and X- 
ray photoelectron spectroscopy (XPS).
(3) To determine the morphology and microstructure of MEMS polysilicon 
gears and silicon nitride substrates using AFM and transmission electron 
microscopy (TEM).
(4) To explore the improvement in wear resistance o f self-assembled monolayer 
coated compared to uncoated MEMS surfaces using AFM.
(5) To undertake AFM nanoscale wear (nanowear) experiments on the MEMS 
using a diamond tipped cantilever.
(6) To investigate the wear scars and debris from AFM nanowear tests on 
silicon wafers and low-pressure chemical vapour deposition (LPCVD)
2
deposited polysilicon and CVD silicon nitride layers using scanning 
electron microscopy (SEM).
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1.3 OUTLINE OF THESIS
This thesis is divided into ten Chapters as follows:
Chapter 2 is a review o f the published literature relevant to the current research. 
MEMS fabrication processes, functional properties and wear found during their 
operational life are discussed, followed by the outline o f techniques used to 
investigate wear mechanisms.
Chapter 3 outlines the surface analytical techniques that were used. It includes a 
detailed description o f Auger electron spectroscopy (AES), X-ray photoelectron 
spectroscopy (XPS) and atomic force microscopy (AFM). Transmission electron 
microscopy (TEM) is also introduced briefly.
Chapter 4 presents the Auger depth profiles of the standard 100 nm thick reference 
Ta20 5 layer using different experimental parameters.
Chapter 5 to 7 show the results of morphology, microstructure and wear behaviour 
of our MEMS devices. Surface chemistry evidence of the presence o f self­
assembled monolayer on MEMS is given in Chapter 6. Chapter 7 mainly describes 
wear studies on MEMS and other comparative materials, such as silicon wafers, 
polysilicon and silicon nitride layers (which are the basic materials for manufacture 
of MEMS devices).
Chapter 8 discusses the wear mechanisms for selected materials.
Chapter 9 gives a general discussion of the results obtained from the work.
3
C hapter O ne -  In tro d u c tio n
Chapter 10 presents the conclusions drawn from the work and possibilities for 
future research.
4
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CHAPTER TWO
MEMS FABRICATION, FUNCTION 
AND WEAR
2.1 INTRODUCTION
Interest is rapidly growing in developing technologies which use silicon and other 
electronic materials to fabricate devices which can perform mechanical operations. 
With standard IC processes, miniature mechanical components (micromachines), 
such as gears, actuators and motors have been successfully fabricated [1!  The 
integration o f miniaturized mechanical components with micro-electronic 
components has generated a new technology, known as MEMS.
2.2 MATERIALS USED FOR MEMS FABRICATION
Due to its excellent mechanical properties (Table 2.1), silicon is an ideal material 
for micromachining *2!  A number o f fabrication techniques have been developed 
for this technology and have been reviewed elsewhere [3!  Micromachining 
techniques include the basic processing steps of IC technology, namely, film 
formation, doping, lithography and etching. In addition, they incorporate special 
etching and bonding processes, which allow three-dimensional microstructures to 
be sculpted.
The mechanical properties of polycrystalline silicon (polysilicon) films have 
become relatively well understood since their first use as micro-construction
5
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materials by Howe in 1983 141. The ideal characteristics of such films should have a 
low residual in-plane stress, a smooth surface for optical applications, a high degree 
of flatness (>lm  radius-of-curvature currently), a high etching selectivity over other 
materials for etchants, a high mechanical strength and low adhesion to nearby 
surfaces. It is difficult to satisfy all these criteria simultaneously, but polysilicon is 
the first material for which many o f the criteria have been met.
Low-pressure chemical vapor deposition (LPCVD) polysilicon is a well-known 
material in standard IC technologies and has similar mechanical properties to those 
of single-crystal silicon. For this reason, polysilicon is a suitable material to make 
micromechanical structures in an IC-compatible fabrication process. The LPCVD 
process produces layers with excellent uniformity of thickness and material 
characteristics. A schematic diagram of a typical LPCVD reactor is shown in Figure
2.1 P*
Table 2.1 Mechanical properties of selected materials pl.
Material
Yield
strength
(1010dyn/cm2)
Knoop
hardness
(kg/mm2)
Young’s
modulus
(1012dyn/cm2)
Density
(g/cm3)
Thermal
conductivity
(W/cm°C)
Thermal
expansion
(10-6/°C)
Diamond51 53 7000 10.35 3.5 2 0 1.0
SiCa 21 2480 7.0 3.2 3.5 3.3
TiCa 2 0 2470 4.97 4.9 3.3 6.4
Al20 3a 15.4 2 1 0 0 5.3 4.0 0.5 5.0
Si3N4 14 3486 3.85 3.1 0.19 0 .8
Irona 12 .6 400 1.96 7.8 0.803 12
Si02 (fibers) 8.4 820 0.73 2.5 0.014 0.55
Sia 7.0 850 1.9 2.3 1.57 2.33
Stainless steel 2 .1 660 2 .0 7.9 0.329 17.3
W 4.0 485 4.1 19.3 1.78 4.5
Al 0.17 130 0.70 2.7 2.36 25
a Single crystal
6
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In this process, the substrate is placed inside a reactor into which a number of gases 
are fed (Table 2.2). As a result of chemical reactions taking place between the 
source gases, a solid reaction product condenses on all surfaces inside the reactor. 
Polysilicon is deposited by pyrolyzing silane (S1H4) between 575°C and 650°C in a 
low-pressure reaction 161:
SilL* (g) -► Si (s) + 2H2 (g)
Either pure silane or 20 to 30% silane in nitrogen is bled into the LPCVD systems 
at a pressure o f 0.2 to 1.0 Torr. The properties of the LPCVD polysilicon films are 
dependent on the deposition pressure, silane concentration and dopant content.
Pressure sensor
Figure 2.1 Typical hot-wall LPCVD reactor.
Polysilicon can be doped by adding phosphine (PH3 ), arsine (ASH3 ) or diborane 
(B2H6) to the reactant (in-situ doping). Adding diborane causes an increase in the
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deposition rate as borane radicals, BH3, produced from diborane catalyze gas-phase 
reactions. On the contrary, adding phosphine or arsine causes a noticeable reduction 
in the deposition rate due to the strong adsorption of phosphine or arsine on the 
silicon substrate surface inhibiting the dissociative chemisorption o f SiFLj.
Table 2.2 Common gases used in CVD l6!
Gas Formula Hazards
Flammable 
Exposure Limits 
in Air (Vol%)
Toxic Limit 
(PP“»)
Ammonia n h 2 Toxic, corrosive 16-25 25
Argon Ar Inert — —
Arsine AsH3 Toxic — 0.05
Diborane B2H6 Toxic, flammable 1-98 0.1
Dichlorosilane SiH2Cl2 Toxic, flammable 4-99 5
Hydrogen h 2 Flammable 4-74 —
Hydrogen chloride HC1 Toxic, corrosive — —
Nitrogen n 2 Inert — —
Nitrogen oxide n 2o Oxidizer — —
Oxygen o2 Oxidizer — —
Phosphine p h 3 Toxic, flammable Pyrophoric 0.3
Silane SiH4 Toxic, flammable Pyrophoric 0.5
Using LPCVD, silicon nitride can be produced by reacting dichlorosilane (SiCl2H2) 
and ammonia at a temperature between 700°C and 800°C as shown in the following 
reaction:
3SiCl2H2 (g) + 4NH3 (g )->  S13N4 (s) + 6H2 (g) + 6 H Cl(g)
8
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The low-pressure employed in LPCVD has the advantage of yielding good 
uniformity and higher wafer output. The properties of LPCVD silicon nitride films 
are listed in Table 2.3 and a comparison also given with plasma enhanced chemical 
vapour deposition (PECVD) films, in which silicon nitride is deposited by reacting 
silane and ammonia or nitrogen in a plasma at reduced temperatures171.
Table 2.3 Properties o f silicon nitride films deposited using different techniques161.
Deposition LPCVD PECVD
Temperature (°C) 700-800 250-350
Composition Si3N4 (H) SiN xHy
Si/N ratio 0.75 0.8-1.2
Atom% H 4-8 20-25
Refractive index 2.01 1.8-2.5
Density (g/cm3) 2.9-3.1 2.4-2.8
Dielectric constant 6-7 6-9
Resistivity (ohm-cm) 1016 1016-1015
Dielectric strength (106V/cm) 10 5
Energy gap (eV) 5 4-5
Stress (109 dyne/cm2) 10T* 2C*-5T
*T and C stand for “tensile” and “compressive”, respectively, (see reference [8])
There are three different layers used in the construction o f polysilicon-based 
MEMS devices: polysilicon is used as the structural material, silicon dioxide as the 
sacrificial layer and silicon nitride as the isolation layer.
The fabrication techniques for MEMS devices employ photolithography and fall 
into three basic categories: bulk micromachining, surface micromachining and 
LIGA (an acronym for Lithographie Galvanoformung Abformung), a German term 
for lithography, electroforming and plastic molding 19111. The first two approaches, 
bulk and surface micromachining, use the planar photolithographic fabrication
9
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processes developed for semiconductor devices and two-dimensional structures. 
Bulk micromachining involves sculpting the silicon surface using chemical 
etchants, and surface micromachining selectively etches a sacrificial layer lying 
beneath an etch-resistant thin film. LIGA is used to produce three-dimentional 
MEMS devices with a high aspect ratio which can be up to 1 mm height and only a 
few microns wide or long. Based on this technique, the key processing steps to get 
free-standing polysilicon microstructures, such as beams are: deposition and 
patterning of a polysilicon film followed by removal of the sacrificial oxide by 
lateral etching in hydrofluoric acid I12'13*, i.e., completely undercutting the 
polysilicon pattern where it covers the oxide layer. These steps are illustrated in 
Figure 2.2. Hydrofluoric acid (HF) etches the silicon oxide away whereas silicon 
nitride and polysilicon are extremely inert in HF and will not be removed I14151.
2.3 RELEASE PROCESS AND SELF-ASSEMBLED 
MONOLAYERS (SAMs)
Due to the high surface area to volume ratio, such microstructures are vulnerable to 
adhesion upon contact, a phenomenon commonly known as stiction[161 ( Adhesion 
of the microstructure to adjacent surfaces can occur either during the last few steps 
of the micromachining process (released-related adhesion) or during operational 
lifetime of the device, due to overloading input signals or electromechanical 
instability (in-use adhesion) [181. Release stiction, the adhesion between surface 
micromachined structures and the underlying substrate after the final sacrificial 
layer etching, is caused primarily by liquid capillary forces. Microstructure surfaces 
may come into contact unintentionally through electrostatic forces, or intentionally 
in applications where surfaces impact against each other. When adhesive attractions 
exceed restoring forces, surfaces permanently adhere to each other causing device 
failure-a situation known as in-use stiction.
10
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isolation layer (S13N4)
silicon substrate
m icrocantilever beam
Figure 2.2 Schematic of the basic processes employed in a surface micromachining 
fabrication process.
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Self-assembled monolayers (SAMs) are widely used to reduce stiction in the release 
process (dissolution o f the sacrificial layer) 1191. Maboudian et al. 1201 have 
demonstrated that SAM coatings can achieve the following characteristics when 
properly integrated into microstructure release process:
(a) eliminate release stiction by changing the shape of the water meniscus that 
forms underneath microstructures during the drying process. This can be 
quantified by measuring wetting contact angle on these surfaces. During 
rinsing and drying, the trapped capillary liquids exert a force as a result of the 
Laplace pressure difference between the outside and inside of liquid junctions. 
Two surfaces can be pulled into contact if the wetting contact angles are less 
than 90° 1211. In the presence o f a SAM coating, the water contact angle 
increases from <30° on Si02 surfaces to >110° (Figure 2.3);
(b) markedly reduce in-use stiction in comparison with the conventional oxidized 
release process;
(c) decrease input signals for driving microengines in the early stage;
(d) reduce friction and wear significantly in microstructures;
(e) survive packaging environments (thermally stable to 400°C in various ( 
including oxygen containing) environments).
12
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0 ~ 30° 115c
oxide-coated Si fluorinated SAM-coated Si
Figure 2.3 Water contact angles on oxide and SAM-coated Si surfaces 1201.
Octadecyltrichlorosilane-Ci8H37SiCl3 (OTS) is a SAM used to alleviate adhesion in 
MEMS. The SAM coating o f silicon with an RSiCh precursor starts with the 
conversion of the polar head group Si-Cl bonds to Si-OH (silanol) groups l221. These 
groups, which are strongly attracted to the hydrophilic surface of oxidized silicon, 
then condense and react with silanols formed on other precursor molecules and on 
the surface to produce covalent siloxane bonds, Si-O-Si. After monolayer 
formation, the alkyl tail group of the precursor molecule acts as the solid-vapor 
interface (Figure 2.4). Srinivasan et al. have described the release and coating 
process for an OTS film in detail[231. Briefly, all steps of the SAM coating process 
are wet chemistry based. After etching the sacrificial layer in HF, de-ionized water 
is used to thoroughly “displace” the HF. The reason for displacement is that the 
structures must remain in liquid until they are properly coated with SAMs. 
Otherwise they come into contact and stick by capillary forces (i.e., release 
stiction). Subsequently, the water is substituted by H20 2 to reoxidize the surface 
since the SAM molecules only react with Si-OH bonds on the surface. Then, H20 2 
is displaced with water. At this stage, before entering the SAM solution, bulk water 
must be eliminated. Therefore iso-propanol is used, followed by iso-octane. Finally, 
the microstructures are put into the SAM solution. After the SAM coating is 
deposited, the above steps are repeated in reverse order.
13
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Figure 2.4 Schematic of SAM formation process (not to the scale).
When prepared correctly, a SAM-coated Si (100) oxide surface using OTS presents 
a water contact angle o f about 110° ± 2°, which corresponds to a surface energy o f 
about 20 mJ/m2 l241. The film thickness is about 25 A, and the film “density” is 
approximately 5 chains/nm2, indicating a true “monolayer” coverage [2S\  Therefore 
SAMs are not expected to significantly affect the bulk material properties. One 
remarkable property o f these films is their stability after formation. They remain 
unaffected by storage times of up to 18 months in air and appear to be impervious 
to hot organic solvents, acidic media, and boiling water l22,_ The long-term stability 
of these films in various ambients, coupled with their low surface-energy, 
hydrophobic and densely packed structure, makes self-assembled monolayers an
14
attractive option as anti-stiction coatings for MEMS microstructures. Furthermore, 
due to the highly hydrophobic nature of SAM films, microstructures such as beams 
up to 1mm in length can be released successfully1231.
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2.4 WEAR AND FAILURE
MEMS devices have begun to be commercially used l26'271, for example, silicon- 
based sensors are empolyed in medical, automotive and aeronautical fields. The 
applications for pressure sensors range from blood pressure to the high pressures in 
diesel motors. Sniegowski and Garcia in Sandia National Laboratory developed 
polysilicon-based micromotors which have been used to make micro safety locks 
using five polysilicon layers 1281. Extremely sharp tips are employed both in atomic 
force microscopes l29J and mechanical sensors ,30}. MEMS devices can also be 
potentially employed in magnetic storage systems, where they are being developed 
for super-compact and ultra-high-recording-density magnetic disk drives.
As with macro devices, during operation, MEMS suffer degradation due to 
excessive friction or wear. In MEMS devices, various forces associated with device 
operation scale down with size. When the size of the machine decreases, the 
resistive forces such as friction and surface tension that are proportional to the 
surface area increase dramatically in comparison with the forces proportional to the 
volume such as inertial and electromagnetic forces. This force generates 
tribological issues, which become critical as surface contamination, friction and 
wear affect device performance and in some cases, prevent devices from working.
Researchers in Sandia National Laboratory have tested the lifetime o f 
microengines, which are actuated by two orthogonal sets of electrostatic comb 
drives, with each axis having bi-directional drive capability (Figure 2.5) 1311. 
Springs serve to suspend the shuttle above a ground plane, to provide an electrical 
ground potential to the shuttle, and to restore the engine to its equilibrium position 
at rest. The drive ends o f the shuttle are connected to link arms X and Y. The link
15
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arms are, in turn, coupled to each other and then to the drive gear through a pin 
joint. The areas underneath the combs and the gears are electrically grounded 
planes. The drive gear is actuated by providing appropriate electrical signals to the 
comb drives 1321. Their experiments showed that, when the engine was first started, 
in general it operated relatively smoothly. The operation of the engine degraded as 
additional revolutions accrued. As the engine rotated, it would intermittently stick 
at different angles for one or more periods of the drive signal, then spontaneously 
dislodge and continue rotating. This indicated the apparently random transition 
between the stuck configuration and the “normal” operating configuration. As the 
engine continued to operate, the frequency of sticking increased, until the engine 
finally ceased to rotate.
Springs
Shuttle
Drive gear
Figure 2.5 Microengine with close-up views of the comb drive (top left) and drive 
gear (bottom left)1331.
(visit http://www.sandia.gov/mstc/technologies/micromachines/movies/index.html 
to see how it works)
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Wear was found to be the primary failure mode in binary counters such as gears, 
pinhole connections and hubs in test MEMS structures (Figure 2.6). Wear debris is 
most commonly observed at drive pins and at drive hubs |34l  This can be attributed 
to the large stress experienced by the drive gear of the binary counter during the 
engine operation. In the binary counter, the force required to operate the engine is 
strong, which results in a large stress at the bearing surface on the drive gear 
particularly at the pin joint where severe wear was observed. In addition, fretting 
wear occurs where machine elements experience small amplitude reciprocating 
motion, leading to microcracks and ultimately failure by fatigue.
Figure 2.6 a) Wear debris on drive gear and hub; b) Severe pinhole damage |341.
MEMS reliability tests have also been undertaken in various environments, such as 
shock, vibration |3S|, different humidity 1361 and high vacuum 1371 conditions. 
Movement of debris generated from device operation can lead to electrical failures 
due to shorting of stationary comb fingers to the ground plane. Humidity affects the 
volume of wear debris generated from rubbing surfaces in polysilicon 
micromachines. As the humidity decreases, the wear debris generated increases. It 
has been proposed that silicon hydroxide formed on the surface might act as a 
lubricant to protect the surface at high humidity levels 1361. In high vacuum (10'7 
Torr), microstructures show more significant wear than they do in air because of the
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absence of oxygen to form an oxide layer on the surface, providing some 
protection.
Researchers have been working to improve MEMS reliability. Because of the high 
hardness, diamond-like carbon 1381 has been used as coatings for MEMS and 
microstructures. In addition, other materials, such as diamond l39'40’ and silicon 
carbide 1411 have been employed to fabricate mechanical parts of MEMS. Wang et 
al. developed three techniques to pattern a diamond film with a feature size of a few 
micrometers [421. Another area being pursued is the exploration of more promising 
and effective lubricants, which can reduce the detrimental effects of stiction, 
friction and the accompanying wear of MEMS.
2.5 TECHNIQUES EMPLOYED TO STUDY THE WEAR AND 
FAILURE OF MEMS
Scanning electron microscopy (SEM) is a powerfiil tool for imaging defects and 
debris at high magnification. It is possible to observe debris on both the substrate 
and gear surface in focus at the same time. General inspection of a failed MEMS 
device using SEM has revealed stuck springs, fractured and broken elements and 
wear debris from accelerated testing (Figure 2.7).
Transmission electron microscopy (TEM) has been used to characterize the 
morphology, crystal structure and chemical composition of wear debris 1431. The 
high magnification and diffraction capabilities of TEM have provided further 
insight into debris morphology (Figure 2.8). Diffraction patterns obtained from 
wear debris revealed the debris to be amorphous (Figure 2.9).
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Figure 2.7 SEM images o f a) spring elements (arrows show points of contact with 
substrate and b) polysilicon microengine with debris [33J.
Figure 2.8 TEM micrograph of 
wear debris 1331.
Amorphous Polycrystallme
I I
Figure 2.9 Diffraction patterns of 
wear debris (left) and the polysilicon 
gear tooth (right) 1331.
Focused ion beam (FIB) sectioning provides the best method for producing clean 
cross sections of the precise area of interest in MEMS structures; cross sections can 
be made of both large and small structures with submicron accuracy. Furthermore, 
FIB can also be used to free, and in some cases, remove portions of the device in 
order to analyse inaccessible areas 1441. FIB cross sections have revealed debris
100 nm
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located throughout the pin joint and hub regions of the microengine (Figure 2.10). 
In this case, the failure of the engine can be attributed to either worn material from 
the pin joint that has accumulated and caused the microengine to seize or wear of 
material allowing the protruding part of the gear to get stuck in the pin joint.
Rubbin9 1 ,4m
Surfaces
J  V
(b)
Figure 2.10 a) Seized microengine with the pin joint sheared through; b) A high 
magnification of wear along pin jo in tl33).
Atomic force microscopy (AFM) can provide very detailed topographic images and 
surface profiles o f the sample. It can also be used to measure the surface roughness, 
wear tracks and tribological properties of surfaces at dimensions ranging from 
atomic to micro/macro scales 1451.
It is clear that tribology is a significant factor affecting the performance and 
reliability of MEMS devices. Fundamental understanding of friction, stiction and 
wear phenomena on the MEMS scale needs to be further developed.
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2.6 CONCLUDING REMARKS
This chapter has reviewed the fabrication process of polysilicon-based MEMS. The 
formation of SAMs, as a widely used method to relieve adhesion during MEMS 
manufacture, has been reviewed in detail. Finally, reliability issues and techniques 
used to characterize failure have been outlined.
In the following chapter, we describe the surface analytical experimental techniques 
that have been employed to characterize MEMS.
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CHAPTER THREE
EXPERIMENTAL TECHNIQUES AND 
DETAILS
3.1 INTRODUCTION
In this chapter, some of the experimental techniques employed in this research will 
be introduced. Auger electron spectroscopy (AES) and X-ray photoelectron 
spectroscopy (XPS) can be used to get compositional and chemical information on 
the surface. Atomic force microscopy (AFM) is a powerfiil technique for studying 
surface morphology and wear. With transmission electron microscopy (TEM), the 
microstructure of materials can be investigated. AES, XPS and AFM are the main 
techniques used throughout this study, therefore they will be addressed in detail.
3.2 AUGER ELECTRON MICROSCOPY
Auger electron spectroscopy renders information on the elemental composition of 
the first 1-20 atomic layers of a solid. Figure 3.1 shows the interaction volume of 
the primary beam and the analysis volume associated with Auger, X-ray and 
backscattered electron emission. Under typical experimental conditions, X-rays 
have a larger escape depth due to a much smaller ionization cross section with 
matter, i.e., a higher probability to escape from the solid. Auger electrons with 
energies up to 2000 eV, however, have a high probability to escape only from the 
first few nanometers because of their restricted kinetic energy (Figure 3.2). 
Consequently, AES is a surface analytical technique. A second difference between 
AES and electron excited X-ray emission is also indicated in Figure 3.1: the
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diameter of the analyzed zone in X-ray analysis is larger than the diameter of the 
primary beam due to scattering of electrons down to a depth of ~ 1 pm, whereas in 
AES lateral scattering is limited by the small analytical depth.
Primary electron beam 
diameter (of)
Figure 3.1 Electron beam interactions with a solid ,46j.
Kinetic energy of the electrons [eV)
Figure 3.2 Variation of the mean free path as a function of kinetic energy of the 
electrons by Seah and Dench 1471.
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3.2.1 Principle of The Auger Process
The Auger process was discovered in 1923 by Pierre Auger using a cloud chamber 
to investigate photoelectrons emitted by noble gas atoms after excitation by 
monochromatic X-rays 1481. An Auger electron is generated by relaxation processes 
within the electron orbital of an atom, following excitation of an electron from one 
of the inner levels. This is described schematically in Figure 3.3. An incident 
primary electron beam of sufficient energy can ionize a target atom by ejecting a 
core electron. The excited atom relaxes by an electron from an outer level making a 
transition to a lower energy state filling the vacant hole. The excess energy 
resulting from the change in binding energies of the transition electron is released 
by the emission of an Auger electron. The kinetic energy of the Auger electron is 
independent of the primary beam energy but is characteristic of the atom and 
electronic shells from which it generated. For this reason Auger spectra are always
Vacuum  
Fermi 
Valence band
i-2.3
Li 
K
Figure 3.3 The Auger electron emission process. A high-energy primary electron
beam creates an atomic core hole. Relaxation of the atom involves an electron from
a high energy state filling the vacancy and emission of a KL2,3L2,3 Auger electron 
[49]
Ejected K electron
Ejected L2,3 electron 
(KL2l3L2i3 Auger electron)
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plotted on a kinetic energy scale. The kinetic energy of the Auger KL2,3L2,3 
transition shown in Figure 3.3 is given by
EkLjjLij « E k  - E l v  -  jE lv  ( Eq. 3-1)
where E k, etc. are the binding energies of the electronic shells involved in the
process. This equation does not take into account the interaction energies between 
the core holes (L2,3 and £ 2,3) in the final atomic state nor the inter- and extra­
relaxation energies which result from the additional core screening needed. 
However, there is an empirical approach which considers the energies of the atomic 
levels involved and those of the next element in the periodic table. The following 
equation shows the Auger electron energy of transition KL]L2,3 for an atom of 
atomic number Z:
EklijLzj (Z) = E k(Z )  -  E l 2.s(Z) -  E l 2J(z+ l) ( Eq. 3-2)
It is common to omit the subscripts when referring to the group of Auger emissions 
involving the same principal quantum numbers, for example the term Si KLL is 
used to refer to the whole group of KLL emissions from silicon. Similar 
generalizations can be used for emissions involving core or valence electrons. It is 
not uncommon to see terms such as NVV, which refer to Auger emissions in which 
an electron is removed from the N  orbital to be replaced by an electron from the 
valence shell causing a second valence electron to be emitted. Even more general is 
the term CVV in which the C refers to any core electron. Using this approach a CCC 
transition indicates the involvement of three electrons from core level. In general, it 
is the CCC Auger transitions which provide chemical information in Auger electron 
spectroscopy i4S>l.
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3.2.2 Instrumentation
The two most important components of an Auger spectrometer are the electron gun 
and the electrostatic energy analyzer. Both are placed in an ultra-high vacuum 
chamber with base pressures between 10'9 and 10'11 mbar. Such low pressures are 
necessary to prevent adsorption of residual gases and guarantee a contamination- 
free surface and prevent inelastic scatter of electrons by residual gas molecules in 
the chamber which would reduce spectral quality.
3.2.2.1 Electron Sources
The main requirements for an electron source in an AES instrument are I49’:
(1) Stability. The current emitted from the source should be highly stable over 
long periods. Although spectra can be obtained in a few minutes, if the 
spectrometer is to be used for depth profiling or imaging then stability over 
many hours is essential.
(2) Brightness. High beam current density and small beam convergence angle 
are required if the spot size at the specimen is to be small.
(3) Mono-energetic. The focal length of electromagnetic and electrostatic lenses 
is dependent on the energy of the electrons. This means that the optimum 
focusing conditions can only occur for electrons having a very small range 
of kinetic energy. A wide energy spread will therefore result in a large spot 
size at the sample.
(4) Longevity. Under normal operating conditions the emitter must not need to 
be replaced for several hundreds of hours. Replacement of emitters requires 
that the vacuum be broken, which means the instrument cannot be used 
immediately after emitter replacement.
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Today’s scanning Auger systems use two main types of electron source: (a) 
thermionic emitter such as tungsten filament and LaB6 crystal and (b) a field 
emission gun (FEG). The classical W-filament reaches a minimum beam diameter 
of 50-100 nm. Only LaBe or FEG sources give beam diameters < 20nm to achieve 
optimum resolution and their primary electron beam energy has to be increased to 
20-30 keV. Lowest beam diameters for a given primary beam current are obtained 
by a field emission gun. The drawback of this source is its susceptibility to 
contamination. An excellent vacuum (<10'10 mbar) is required for successful 
operation’of this source, so an appendage ion pump is always employed.
The thermionic and field emission sources are based on rather different physical 
principles1301. The former use thermal energy to remove an electron. The work 
function represents the barrier at the material surface necessary to free the electron. 
Typical work function energies are around 4-5 eV. For thermionic sources the 
material is heated by passing a certain current to obtain a sufficiently high 
temperature to allow the electrons to escape into vacuum. The operating principle 
of a field emission source is not to give the electrons sufficient energy to jump the 
work function barrier (as in the thermionic process) but to reduce the magnitude of 
the barrier itself, both in height and, more importantly, in width. It is the latter 
factor which leads to improved electron emission, as electrons from near the Fermi 
level can penetrate the barrier by quantum mechanical tunnelling and thus escape 
from the emitter without loss in energy. Another characteristic of the field emission 
source is its narrow energy distribution; there are no electrons above the Fermi level 
and those below it have a rapidly decreasing probability of escape. In practical 
terms, this feature means a smaller spot size as chromatic aberrations within the 
electron lenses are reduced.
The hot field emitter (also known as a Schottky field emitter) has become very 
popular in recent years due to its high brightness and good stability and is the 
electron source presently installed on the VG Microlab at Surrey. It is, in effect, a 
combination of a thermionic emitter and a field emitter. The source consists of a 
single crystal tungsten wire coated with the semiconductor material, zirconium 
oxide. The function of the Z r02 is to: a) lower the work function of the emitter and
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increase the emission current and b) provide a self-cleaning and self-healing 
surface. Furthermore, the emitting surface is small (about 20 nm in diameter) and so 
little demagnification is required to achieve the small spot sizes required in high- 
resolution scanning Auger microscopy (SAM). The tip is heated to about 1800K 
under a large electrostatic field. The combination of the high temperature and the 
field causes electrons to be emitted.
3.2.2.2 Analysers
Two types of electron energy analyzer are used in AES, either the cylindrical mirror 
analyzer (CMA) or the hemispherical sector analyzer (HSA). The CMA basically 
consists of two concentric cylinders, the inner cylinder is held at earth with the 
outer held at a negative potential l5IJ. The usual practice is to mount the electron 
gun co-axially within the analyzer. A certain proportion of the Auger electrons 
emitted will pass through the defining aperture 111 the inner cylinder, and, depending 
on the potential applied to the outer cylinder, electrons of the desired energy will 
pass through the detector aperture and be re-focused at the electron detector (a 
channel electron multiplier). Thus, a direct energy spectrum, can be built up by 
merely scanning the potential on the outer cylinder to produce a spectrum of 
intensity versus electron kinetic energy. This spectrum will contain not only Auger 
electrons but also all the other emitted electrons. As a result, Auger peaks are 
superimposed on an intense background. For this reason, it became common 
practice to record the differential spectrum rather than the direct energy spectrum in 
the early years of use of the technique.
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Figure 3.4 Schematic diagram of the cylindrical mirror analyser f511.
In the HSA, the primary electron beam is off-axis allowing a simpler geometry and 
a better definition of the angle of emitted electrons. The working distance between 
sample and analyzer is generally larger for the HSA (approx. 10 mm). At the 
entrance of the analyzer a system of electrostatic lenses is placed to define the 
acceptance analysis area. In the spherical sector part of the analyzer a diaphragm 
limits the analyzed area and the pass energy of the electrons is defined by the 
voltage difference between the inner and outer sectors. A potential is applied at the 
entrance to the analyzer which reduces the kinetic energy of the Auger electrons 
allowing the analyzer to be operated at constant pass energy. After passing through 
the analyzer, the electrons are focused in the plane of the channel detectors, which 
measure the number of electrons with a certain kinetic energy.
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Figure 3.5 Schematic diagram of hemispherical sector analyser l51].
The HSA is typically operated in one of two modes: constant analyser energy 
(CAE) and constant retard ratio (CRR) i49]. In CAE mode electrons are accelerated 
or retarded to some user-defined energy which is the energy the electrons possess as 
they pass through the analyser (the pass energy). The selected pass energy affects 
both the transmission of the analyser and its resolution. Selecting a small pass 
energy will result in high resolution while a large pass energy will provide higher 
transmission but poorer resolution. The pass energy remains constant throughout 
the energy range thus the resolution (in eV) is constant across the entire width of 
the spectrum. The range of pass energies available to the user depends upon the 
design of the spectrometer but is typically from about 1 eV to several hundred 
electron volts.
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In the CRR mode, electrons are retarded to some user-defined fraction of their 
original kinetic energy as they pass through the analyser (the retard ratio). In this 
mode, the pass energy is proportional to the kinetic energy:
Kinetic energy
Pass energy = ---------------------  ( ^9*
Retard ratio
The percentage resolution in this mode of operation is constant and inversely 
proportional to the retard ratio. The constant of proportionality depends on the 
design of the instrument, on a typical instrument:
Resolution « (2/Retard ratio)% ( Eq. 3-4)
Typically, the resolution available from a good commercial HSA can be selected 
from the range 0.02 percent to 2.0 percent, which means that the range of retard 
ratios can be from 1 to 100.
3.2.3 Sputter depth profiling
AES depth profiles are usually generated by recording specific peaks and removing 
material from the sample surface via ion-beam induced sputtering 1521. The 
experiment usually begins with an analysis of the undisturbed surface. The sample 
then undergoes a period of sputtering (ion etching) using ions whose energy is in 
the range of a few hundred to a few thousand eV. Following this, the ion beam is 
then switched off and the sample is analysed again. This process is continued until 
the required depth is reached. When an insulating sample is being profiled, the 
steady-state surface potential during the etching period will be different from that 
during the analysis. This could cause peak shifts during the early part of the 
analysis. To overcome this, a settling time can be used during which period the
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sample is exposed to the analysis conditions but no data are collected. This 
procedure allows the surface potential to regain its steady-state condition before 
attempting to collect spectra.
The lateral current density profile of an ion beam is generally not uniform, but 
mostly approximates to a Gaussian distribution. Such a beam would produce a 
crater in the sample which does not have a flat bottom. To overcome this difficulty, 
the ion beam is usually scanned or rastered over an area which is large with respect 
to the diameter of the beam. Rastering produces a crater which has a flat area at the 
centre from which compositional data can be obtained. When collecting the 
spectroscopic data from the crater it is important to limit the data acquisition to the 
appropriate area within the crater, avoiding the area close to the edges where the 
crater bottom is not flat. This is usually easily done in AES because the electron 
beam used for analysis usually has a much smaller diameter than the ion beam used 
for etching the sample. The electron beam can therefore be operated in point 
analysis mode in the centre of the crater or rastered over a small area.
The depth resolution in a depth profile is a measure of the broadening of an abrupt 
interface brought about by physical or instrumental effects. A commonly accepted 
method for measuring the depth resolution is to measure the depth range, Az, over 
which the measured concentration changes from 16 percent to 84 percent of its total 
change while profiling through an abrupt concentration change (Figure 3 .6 )1531.
There are many factors which contribute to the depth resolution. They are briefly as 
follows 1541: (i) the intrinsic interface width, (2) atomic mixing due to the recoil and 
redistribution of the sample atoms in the region impacted by the sputtering ion, (3) 
uneven layer thickness over the analysis region, (4) substrate roughness on which an 
even layered film is formed, (5) the statistical problem of sputtering as embodied in 
the sequential layer sputtering model and its derivatives, (6) contamination of the 
etching gas, (7) unevenness in the ion beam flux density over the analysis area and 
(8) desorption of the sample atoms by the electron beam.
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Figure 3.6 Definition of depth resolution.
3.3 X-RAY PHOTOELECTRON SPECTROSCOPY
X-ray photoelectron spectroscopy, (XPS), also known as electron spectroscopy for 
chemical analysis (ESCA) was developed in the mid-1960’s by Kai Siegbahn and 
his research group. An understanding of the photoelectric effect and photoemission 
is essential in order to appreciate this spectroscopic method. When a photon 
impinges upon an atom, one of three events may occur: (1) the photon can pass 
through with no interaction; (2) the photon can be scattered by an atomic orbital 
electron leading to partial energy loss; and (3) the photon may interact with an
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atomic orbital electron with total transfer of the photon energy to the electron, 
leading to electron emission from the atom. In the first case, no interaction occurs. 
The second process is referred to as “Compton scattering” and can be important in 
high-energy processes. The third process accurately describes photoemission that is 
the basis of XPS.
3.3.1 Principle of X-ray Emission
In XPS we are concerned with a special form of photoemission, i.e., the ejection of 
an electron from a core level by an X-ray photon of energy hv. The kinetic energy 
(Ek) of the electron is the experimental quantity measured by the spectrometer, but 
this is dependent on the photon energy of the X-rays employed and is therefore not 
an intrinsic material property [5Sl. The binding energy of the electron {Eg) is the 
parameter which identifies the electron specifically, both in terms of its parent 
element and atomic energy level. The relationship between the parameters involved 
in the XPS experiment is:
E b = hv - E k -  4>Sp ( Eq. 3-5)
Where hv is the energy of the X-ray source (a known value) and 0sp is the work 
function of the spectrometer. As all three quantities on the right-hand side of the 
equation are known or measurable, it is a simple matter to calculate the binding 
energy of the electron. The process of photoemission is shown schematically in 
Figure 3.7.
The concept of the binding energy of an electron in an atom requires elaboration. A 
negatively charged electron will be bound to the atom by the positively charged 
nucleus. The closer the electron is to the nucleus, the more tightly it is bound. The 
binding energy will vary with the type of atom (i.e., a change in nuclear charge) and
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the addition of other atoms bound to that atom (bound atoms will alter the electron 
distribution on the atom of interest).
Incident X-ray
\v
\
\
Ejected photoeiectron
A
/ Free Electron
f Level
^ Conduction Band
Fermi Level
Figure 3.7 Schematic of the XPS process, showing photoionization of an atom by 
the ejection of a Is electron.
The formation of strong bonds in a material, such as ionic, covalent and metallic 
bonds, leads to a change in the electron distribution around the atoms. The degree 
of change in the binding energy of the core level electrons as a result of these 
modifications to the valence electron distribution is known as the chemical shift.
3.3.2 Instrumentation
The primary components that make up the XPS instrument are the vacuum system, 
X-ray source, electron energy analyzer, ion gun and data system. A schematic 
diagram of an XPS instrument is shown in Figure 3.8.
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Figure 3.8 A schematic diagram of an XPS spectrometer1501.
3.3.2.1 Vacuum system for XPS experiment
The heart of the XPS instrument is the main vacuum chamber where the sample is 
analyzed. The XPS experiment must be done under vacuum for the following 
reasons. Firstly, the emitted photoelectrons must be able to travel from the sample 
through the analyzer to the detector without colliding with gas phase particles. 
Secondly, the surface composition of the sample under investigation should not 
change during the XPS experiment. So contamination of the sample needs to be 
avoided. For most applications a vacuum of 10‘10 mbar is more than adequate.
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3.3.2.2 X-ray sources
X-rays are generated by bombarding an anode material with high-energy electrons. 
The electrons are emitted from a thermal source, usually in the form of an 
electrically heated tungsten filament but, in some focusing X-ray monochromators, 
a lanthanum hexaboride (LaBe) emitter is used because of its higher current density 
(brightness). The efficiency of X-ray emission from the anode is determined by the 
electron energy, relative to the X-ray photon energy. At a given energy, the photon 
flux from an X-ray anode is proportional to the electron current striking the anode. 
The maximum workable anode current is dependent on the efficiency with which 
the heat, generated at the anode, can be dissipated. For this reason, X-ray anodes 
are usually water-cooled.
The choice of anode material for XPS determines the energy of the X-ray transition 
generated 1491. It must be of a high enough photon energy to excite an intense 
photoelectron peak from all elements of the periodic table (with the exception of the 
very lightest); it must also possess a natural X-ray line width that will not broaden 
the resultant spectrum excessively. The most popular anode materials are 
aluminium and magnesium. These are usually supplied in a single X-ray gun with a 
twin anode configuration providing AlKa or MgKa photons of energy 1486.6 eV 
and 1253.6 eV respectively. Such twin anode assemblies are useful as they provide 
the ability to differentiate between Auger and photoelectron transitions when the 
two overlap using one particular energy of radiation. XPS peaks will change to a 
position 233 eV higher on a kinetic energy scale on switching from MgKa to AlKa 
whereas the energy of Auger transitions remains constant.
Modem spectrometers are also equipped with an X-ray monochromator 1491. The 
almost universal monochromatized source combines an Al anode with one or more 
quartz crystals. There are a number of reasons for using an X-ray monochromator 
on an XPS spectrometer:
1) Reduction in X-ray line width. A narrow X-ray line width results in sharper 
XPS peaks and consequently better chemical state information.
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2) Unwanted portions of the X-ray spectrum, i.e., satellite peaks and the 
Bremsstrahlung continuum are removed.
3) For maximum sensitivity, a twin anode X-ray source is usually positioned as 
close to the sample as possible. The sample is therefore exposed to the 
radiant heat from the source region which could damage or alter the surface 
of delicate samples. When a monochromator is used, this heat source is 
remote from the sample and thermally induced damage is avoided.
4) It is possible to focus X-rays into a small spot using the monochromater. 
This means that small area XPS can be conducted with high sensitivity.
5) Use of a focusing monochromator means that only the area of the specimen 
being analysed is exposed to X-rays. Thus, a number of samples maybe be 
loaded into the spectrometer without the risk of X-rays damaging samples 
while they await analysis. Similarly, multipoint analysis can be performed 
on the same delicate sample.
3.3.2.3 Charge compensation
Photoemission from an insulating sample causes a positive electrostatic charge to 
build up on the sample surface 1491. This results in a shift in the peak position to 
higher binding energies. When photoemission is excited by a non-monochromatic 
X-ray source, there are usually a sufficient number of low-energy electrons 
available in the neighbourhood of the sample to effectively neutralize the sample 
and allow high-quality XPS spectra to be obtained.
When monochromatic X-rays sources are used, however, these low-energy 
electrons are not produced in such large numbers near the sample and so 
neutralization does not take place. In fact, as the X-ray line width from a 
monochromator is much narrower, the need for effective charge compensation is 
even greater. The charge compensation must also be uniform over the analysis area
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to prevent broadening of the XPS peaks. When charge compensation is required, it 
is normal practice to flood the sample with low-energy electrons. It is not usual to 
attempt an exact balancing of the charge; rather an excess of electrons is used to 
produce a uniform negative charge of known magnitude at the surface of the 
sample. The peaks can then be shifted to their correct positions during data 
processing. This technique minimizes the risk of differential or non-uniform 
charging.
The electron beam used for charge compensation should be of low energy to avoid 
the risk of damage to the sample surface but must be of high enough flux to 
adequately compensate for the charging. Typically, the energy of the electrons is 
less than 5 eV.
3.3.2.4 Analyzer
The analyzer system consists of three components: the collection lens, the energy 
analyzer and the detector. On some XPS spectrometers, the lens system can collect 
photoelectrons over a 30° solid angle. The higher the collection angle, the higher 
the number of photoelectrons collected per incident X-ray, which is generally 
advantageous. However, one type of experiment in which a large acceptance angle 
is a disadvantage, is non-destructive depth profiling, in which spectra are acquired 
at different take-off angles. A large acceptance angle, by definition, contains a 
broad range of photoelectron take-off angles. This degrades the depth resolution 
obtainable in a variable take-off angle experiment. To improve the depth resolution, 
an aperture is placed over the entrance to the analyzer lens 1561. In addition to 
collecting the photoelectrons, the lens system on spectrometers may retard their 
kinetic energy down to the pass energy of the energy analyzer. The range and retard 
ratio used depends on the pass energy of the energy analyzer and the spectral range 
to be examined 1571. The lens system also enables the analyzed area to be the same 
distance away from the entrance of the energy analyzer, which allows the sample to 
be positioned so that it is more readily accessible to the X-ray source and other 
components in the vacuum system.
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The most common type of energy analyzer used for XPS experiments is the 
electrostatic hemispherical analyzer (PISA). Hemispherical analyzers are classified 
as dispersive analyzers, that is, the electrons are deflected by an electrostatic field. 
There is a range of electron energies that can successfully travel from the entrance 
to the exit of the analyzer without undergoing a collision with one of the 
hemispheres. The magnitude of this electron energy range depends on quantities 
such as the pass energy, the size of the entrance slits, and the angle with which the 
electrons enter the analyzer. The electrons are counted once they have passed 
through the energy analyzer. Since the electrons arrive at the analyzer exit with a 
range of energies, the most efficient means of detection is to use a multi-channel 
array to count the number of electrons leaving the analyzer at each energy.
As for the operating mode, in a typical XPS experiment, the user might select a pass 
energy in the region of 100 eV for survey spectra and in the region of 20 eV for 
high-resolution spectra of individual core levels. These narrow scans are used to 
establish the chemical states of the elements present and for quantification 
purposes. It is normal practice to collect XPS spectra in the CAE mode.
3.3.3 Quantification and Peak Fitting
A raw XPS spectrum gives information in the form of core level peak intensities 
and their relative binding energies. From this the concentration of each element and 
its chemical state needs to be extracted. To do the former the peak intensity needs 
to be converted into concentration. This is achieved relatively easily, by measuring 
the peak area (after background subtraction) and dividing the peak intensity by the 
instrument modified wagner photoelectron sensitive factor for that element. 
Chemical shifts are often quite small (eg. 0.1 ~ 4 eV). Consequently, in a material 
with more than one chemical state for a given element, the peaks arising from each 
chemical state will often overlap. Finding the areas and binding energies of each 
component thus requires the use of a peak-fitting procedure. Variable parameters 
used in such procedures include the background, peak shape, peak position, peak 
height, and peak width. The most common expression used to model the
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background (inelastic scattering) was developed by Shirley 1:381. After the 
background to be removed has been defined, initial guesses are made for each peak 
parameter and then an iterative least-squares fitting routine is used to find the best 
fit to the data. Caution must be taken when performing the peak fit since many of 
the quantities are very sensitive to the input values. The use of incorrect values can 
cause instabilities in the fitting algorithm or unreliable results to be obtained. For 
spectra containing strongly overlapping peaks, the results obtained from peak fitting 
may depend on the starting parameters chosen (the algorithm converges to a local 
minimum instead of a global minimum). Additional independent information can be 
used to constrain peak parameters such as position, width, and area during initial 
iterations of the fitting. Once the algorithm is close to convergence, these 
constraints can be removed.
3.3.4 Angle-Resolved X-ray Photoelectron Spectroscopy
Angle-resolved X-ray photoelectron spectroscopy (ARXPS) became increasingly 
popular as it provided a method of both quantifying the composition of thin surface 
layers and yielding information on the depth distribution of the elements present. 
According to the Beer-Lambert equation, the intensity of electrons (I) emitted from 
all depths greater than d in a direction of normal to the surface is given by
I ~ I o  exp(-d/A,) (Eq. 3-6)
where X is attenuation length of the electrons, which is related to the inelastic mean 
free path (IMFP), I 0 is the intensity from an infinitely thick, uniform substrate. For 
electrons emitted at an angle 9 to the surface normal, this expression becomes:
I -  Io exp(-d/A,cos0) (Eq. 3-7)
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By recording spectra with good angular resolution at a high value of 0, say 70° 
(relative to the sample normal), an analysis is recorded which is extremely surface 
sensitive. As the normal electron emission angle is decreased down to 0 = 10°, the 
information gathered becomes more representative of the bulk material. The 
geometry of an angle-resolved XPS experiment is illustrated schematically in 
Figure 3.9.
Figure 3.9 Angle-resolved XPS experiment geometry (01=10°, 02=50°, 03=70°, 
angles are relative to the sample normal).
ARXPS is widely used to determine the thickness of thin surface layers l59). This 
manner of depth profiling is invaluable because it does not destroy chemical state 
information present, or the rate of damage is sufficiently slow to allow chemical 
state information to be obtained much more easily than alternative depth profiling 
methods involving sputtering.
X-rays Electron
Sample
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3.4 ATOMIC FORCE MICROSCOPY
The atomic force microscope (AFM) was introduced by Binning et al. in 1986 1601. 
It is a stylus-type instrument, in which a sharp probe is rastered over the sample. It 
is employed to detect changes in surface morphology on the atomic scale. A system 
that uses variations of the principles used by an AFM to image surfaces is often 
called a scanning probe microscope (SPM). Figures in this section were taken from 
DI Scanning Probe Microscopy Training Notebook Version 3.0 and MultiMode 1M 
SPM Instruction Manual Version 4.31 ce.
3.4.1 Instrumentation
SPM is a family of techniques that study surface properties of materials from the 
atomic to the micrometer level. A generalized SPM contains the components 
illustrated in Figure 3.10 |611. Crucial parts of the instrument include the 
piezoelectric scanner, the probe and the system for the probe position detector.
3.4.1.1 Scanner
A piezoelectric scanner is used as an extremely fine positioning stage to move the 
probe over the sample (or the sample under the probe). The SPM electronics drive 
the scanner in a raster pattern, as shown in Figure 3.11. The scanner moves across 
the first line of the scan, and back. It then steps in the perpendicular direction to the 
second scan line, moves across it and back, then to the third line, and so forth. The 
path differs from a traditional raster pattern in that the alternating lines of data are 
not taken in opposite directions. SPM data are collected in only one direction - 
commonly called the fast-scan direction. The perpendicular direction, in which the 
scanner steps from line to line, is called the slow-scan direction.
43
Chapter Three -  Experimental Techniques anil Details
Means of sensing the 
vertical position of the tip
A feedback 
system to 
control the 
vertical position 
of the tip T'"
A coarse 
positioning 
system to bring 
the tip into the 
general vicinity 
of the sample
A piezoelectric 
scanner, which 
moves the 
sample under the 
tip (or the tip over 
the sample) as a 
raster pattern
A computer system that drives 
the scanner, measures data and 
converts the data into an image
Figure 3.10 A schematic diagram of a gener
A \
start
cSPM .
tinish
fast-scan direction
step
size <■
Figure 3.11 Scanner motion during data acquisition ,611.
44
Chapter Three - Experimental Techniques and Details
Piezoelectric scanners for SPMs are usually fabricated from lead zirconium titanate 
(PZT) |61*. Scanners are made from pressing together a powder, then sintering the 
material. The result is a polycrystalline solid, in which each of the crystals has a 
dipole moment. After sintering, the dipole moments within the scanner are 
randomly aligned. During a process called poling, the scanner is heated to about 
200°C to free the dipoles, and a DC voltage applied to it. After several hours, most 
of the dipoles become aligned, and the scanner is then cooled to freeze the dipoles 
into their aligned state. Most SPM scanners have the design shown in figure 3.12.
+z
Figure 3.12 Typical scanner piezo tube and x-y-z electrical configurations.
The PZT creates a voltage if pressure is applied, or in reverse, can create a pressure 
by expanding or contracting if a voltage is applied. As alternating voltages are 
applied to the +x and -x  electrodes, for example, the induced strain of the tube 
causes it to bend back and forth in the x direction. Voltages applied to the z 
electrode cause the scanner to extend or contract vertically.
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3.4.1.2 Probe
Most SPM work is done using cantilevered probes. These consist of a flexible 
cantilever extending from a rigid substrate, to which a tip has been attached (Figure 
3.13).
Figure 3.13 Scanning electron micrographs showing: a) the Si3N4 cantilever; 
b) the shape of the Si3N4 tip; c) the Si cantilever and d) the shape of the Si tip |611.
Integrated tip and cantilever assemblies can be fabricated from silicon or silicon 
nitride, using photolithographic techniques. V-shaped cantilevers are the most 
popular, providing low mechanical resistance to vertical deflection, and high 
resistance to lateral torsion. However, rectangular-shaped cantilevers are also 
available. The choice of the probe depends on the sample to be examined and on 
the technique used. For the experiments taken in this thesis, a silicon tip was used 
to perform force-distance curve examination and a diamond tip, which will be
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shown in 3.4.5, was employed to investigate the wear behaviour of the MEMS 
surfaces.
3.4.1.3 Probe position detector
The spacing between the probe and the sample is sensed from the system and used 
directly as an output signal, or to provide a correction signal to the piezoelectric 
scanner, to keep this spacing constant.
The most common system to detect the probe position involves optical methods. A 
laser beam bounces off the back of the cantilever onto a position sensitive 
photodetector (PSPD) l<51! As the cantilever bends, the position of the laser beam on 
the detector shifts. The PSPD can measure displacements of light as small as 10 A; 
the ratio of the path length between the cantilever and the detector to the length of 
the cantilever produces a mechanical amplification. As a result, the system can 
detect sub-A vertical movements of the probe.
Nowadays, the photodetectors are “quad-cell”, instead of the original “bi-eell” 
design (figure 3.14). This allows detection of the lateral deflection of the cantilever, 
in a technique called lateral (or frictional) force microscopy (LFM). LFM measures 
twisting of the cantilever that arises from forces on the cantilever parallel to the 
plane of the sample surface, providing a map of the surface frictional force.
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Laser
Photodetector segments
Figure 3.14 Quad-cell photodetector arrangement.
3.4.2 Contact AFM
This is also known as repulsive mode AFM. The tip makes a soft “physical contact” 
with the sample. The cantilever spring constant is consequently lower than the 
effective spring constant holding the atoms of the sample together. As the tip is 
traced across the sample, the contact force causes the cantilever to bend to 
accommodate changes in the surface topography 1621.
Once the deflection of the cantilever is detected, the topographic data set can be 
generated in two modes: constant-height or constant-force mode (Figure 3.15). In 
constant-height mode, the variation of the cantilever deflection as a function of 
position is used directly to generate the topographic data set because the height of 
the scanner is fixed. In constant-force mode, the deflection of the cantilever is used 
as input to a feedback circuit that moves the scanner up and down, responding to 
the topography, by keeping the cantilever deflection constant.
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Figure 3.15 Imaging inodes for contact AFM |6!|.
3.4.3 Tapping AFM
In Tapping AFM the system vibrates the cantilever near its resonant frequency and 
the tip is brought close to the sample. At the bottom of its travel, it just touches the 
sample |611. An image representing surface topography is obtained by monitoring 
changes in the cantilever’s oscillation amplitude, in response to tip-to-sample 
spacing. It is also possible to obtain topographic data by monitoring the changes in 
the oscillation phase (Phase Analysis). Figure 3.16 shows a cantilever for Tapping 
AFM, which is vibrated in free air and near the sample surface.
Tapping-AFM is less likely to damage the sample than contact-AFM because it 
eliminates lateral force (friction or drag) between tip and sample.
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Figure 3.16 Tapping cantilever: 1) in free air and 2) near a sample surface 161 *.
3.4.4 Force Analysis In AFM
The force between the tip and the sample causes the cantilever to bend or deflect. 
The measured cantilever deflection allows a computer to generate a map of surface 
topography. Several forces contribute to the deflection of the cantilever, but the 
most important is the van der Waals force. The change of the force between the tip 
and sample as a function of their separation is shown in figure 3.17 |611.
In contact mode AFM, it is possible to measure the total force acting on the sample 
surface. One of the most common uses of force analysis is to improve the quality of 
AFM images by monitoring and minimizing the force acting on the sample surface. 
Large forces can reduce image resolution, damaging either the sample or the probe 
and creating unwanted artifacts.
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Figure 3.17 Van der Waals force versus distance graph illustrating the various 
types of forces being experienced by the tip at the sample surface.
During a force analysis experiment, the tip is repeatedly advanced toward the 
surface until it makes contact with it and then withdrawn. A plot of the deflection of 
the cantilever versus the extension of the scanner constitutes the force-distance 
curve |631. The shape of a force-distance curve is strongly dependent on the adhesion 
and hardness of the sample surface. Figure 3.18 shows a typical force-distance 
curve for an experiment undertaken in air conditions, and Figure 3.19 describes the 
cantilever position at several points along the curve.
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Figure 3.19 Tip-sample interaction 
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In Figure 3.18, the labelled positions are as follows:
(D: the cantilever is far from the surface: no interaction occurs between them. As 
the sample approaches the tip, the van der Waals attraction bends the cantilever 
towards the sample.
©: at the jump-in contact point, the attraction force gradient exceeds the cantilever 
spring constant and the tip jumps on to the surface, making contact with the sample.
®: as the fixed end of the cantilever is brought closer to the sample, the cantilever 
deflection increases. At this point, the tip and the sample can undergo elastic 
(reversible) or plastic (irreversible) deformation.
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®: the process is reversed. However, adhesion or bonds formed during the contact 
cause the cantilever to adhere to the sample some distance past the initial contact
©,©: Jump-out point, the tip loses the contact with the sample surface. 
©: as the scanner continues retracting, the tip continues its ascent.
3.4.5 Nanowear Review
3.4.5.1 Indentation probes
An indentation probe consists of a diamond tip mounted on a metal foil cantilever, 
which is used to image, indent, scratch and wear the surface. Indentation probes are 
thicker, wider and longer than standard AFM cantilevers and are composed of 
stainless steel rather than silicon or silicon nitride 1641. The typical ranges for the 
spring constant used in contact mode, TappingMode, and indentation probes are 
0.01-1.0 N/m, 20-100 N/m, and 100-300 N/m, respectively. The resonant frequency 
for indentation probes is generally in the range of 35-60 kHz. Figure 3.20 shows a 
typical indentation probe.
point on the approach curve.
Figure 3.20 Typical indentation probe.
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The diamond tip is a three-sided pyramid (plus the bottom) with an apex angle of 
about 60 degrees (the apex angle being the angle between a face and an edge of the 
pyramid). To provide more symmetric dents, the diamond is positioned such that 
the vertical axis of the pyramid is approximately normal to the sample when 
mounted on the microscope.
3.4.5.2 Wear testing
Wear tests can be performed simply by scanning the sample in contact mode using 
indentation cantilevers ,64). This is possible since indentation cantilevers have spring 
constants more than 100 times greater than standard contact mode imaging 
cantilevers. Figure 3.21 shows a schematic image of the sample after wear testing 
using AFM. The worn areas can be imaged afterwards with the same tip.
tup
Figure 3.21 Wear testing |641.
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3.5 TRANSMISSION ELECTRON MICROSOPE
The transmission electron microscope (TEM) uses the same principle as used in a 
light microscope when a beam of light shines through the object. In TEM, it is a 
beam of electrons rather than photons shining through the specimen. The 
transmitted electrons are projected onto a viewing screen -  usually a simple layer of 
electron-fluorescent material, viewed through a lead glass window. The 
illumination is provided by an electron gun and electromagnetic lenses are used to 
condense and focus the electron beam. The image is recorded using a vacuum 
compatible camera |6sl. A schematic diagram of a TEM is shown in Figure 3.22.
3.5.1 Instrumentation
3.5.1.1 The electron gun
Most TEMs employ electron guns capable of accelerating the electrons through a 
selected potential difference in the range 40 ~ 200 kV. The appropriate electron 
energy depends upon the nature of the specimen and the information required. For 
high-resolution tasks, field emission guns can be used to produce very fine electron 
beams (of the order of 1 nm at the specimen) and these are becoming increasingly 
widespread.
3.5.1.2 The condenser system
Below the electron gun are two or more condenser lenses. Together, they 
demagnify the beam emitted by the gun and control its diameter as it hits the 
specimen. This enables the operator to control the area of the specimen exposed to 
the beam and thus the intensity of illumination. An aperture is present between the 
condenser lenses (the condenser aperture) which can be used to control the 
convergence angle [66).
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Figure 3.22 Microscope column of transmission electron microscope |6?1.
A dual-condenser illumination system is widely employed *6S|. In this system, the 
first condenser lens (Cl) is used to create a demagnified image of the gun crossover 
and control the minimum spot size obtainable in the rest of the condenser system. 
The second lens (C2) provides control of the convergence angle of the beam 
leaving the condenser assembly, as Figure 3.23 shows. An under-focused beam will 
illuminate a large area of the specimen (a); as the convergence angle is increased, 
the beam diameter at the specimen decreases until it reaches a minimum (b), where 
the beam is focused on the specimen; as the convergence angle is increased further, 
the beam focus more towards C2 and the illuminated area increases again (c).
When the beam is focused on the specimen, its convergence angle is controlled by 
the condenser aperture. The size of the condenser aperture not only affects image 
quality, but also has a large effect on the intensity of the electron beam 1691. The
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illumination provided by the condenser lens must be varied in order to get the best 
results. Thus a diffraction contrast image is usually taken with a medium size 
condenser aperture, a fairly large spot size to maximize illumination (but not so 
large as to degrade image quality) and a close to parallel beam, to give even 
illumination and similar diffraction conditions (but sufficiently intense to avoid 
very long exposure times, which could cause problems due to specimen drift).
(a) (b) (c)
Gun crossover
Lens C1
*
, ■  I
Lens C2 
Aperture
i
ijlii
Diameter of 
illumination
Specimen I
Figure 3.23 The two-lens condenser system. The spot size at the gun crossover is 
demagnified by the first condenser lens C l. The second condenser lens C2 is used 
to focus the beam; it may also change spot size, (a), (b) and (c) show under­
focused, focused and over-focused beams respectively 1681.
3.5.1.3 The specimen chamber
Below the condenser lies the specimen chamber, which is one of the most crucial 
parts of the microscope. A very small specimen must be held in precisely the 
correct position inside the objective lens, but should also be capable of being
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moved several millimetres and tilted by large angles. These constraints are usually 
met by a side entry specimen rod which holds a 3 mm diameter specimen between 
the pole pieces of the objective lens. The specimen rod enters the column through 
an airlock, and can usually be moved up to 2 mm in the X and Y directions to locate 
the region of interest, and by a fraction of a millimetre in the Z direction, in order to 
bring it to the object plane of the lens.
3.5.1.4 The objective and intermediate lenses
The role of objective lens is to form the first intermediate image and diffraction 
pattern, one or other of which is enlarged by the subsequent projector lenses and 
displayed on the viewing screen |68*. The optics of the objective lens is shown in 
Figure 3.24. The first projector lens (often called the intermediate or diffraction 
lens) can usually be switched between two settings. In the image mode, it is focused 
on the image plane of the objective (Figure 3.24, left). The magnification of the 
final image on the microscope screen is then controlled by the strength of the 
remaining projector lenses (not shown here). In the diffraction mode, the 
intermediate lens is focused on the back focal plane of the objective (Figure 3.24, 
right) and the diffraction pattern is projected onto the viewing screen. The 
magnification of the diffraction pattern is controlled by the projector lenses and is 
usually described in terms of the effective camera length of the system.
Figure 3.24 The optics of the objective and first intermediate lenses |6S|.
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An essential feature of the objective system is the aperture holder which enables 
any one of three or four small apertures to be inserted into the column in the back 
focal plane. The objective aperture clearly defines the angular range of scattered 
electrons which can travel further down the column and contribute to the image, 
and thereby controls the contrast of the final image1701.
3.5.1.5 The projector system images
The first image produced by the objective lens usually has a magnification of 50 -  
100 times. This is further magnified by a series of intermediate and projector lenses. 
Each of them provides a magnification of up to twenty times, so a total 
magnification of up to one million is easily achieved. It is not necessary to use all 
the lenses to achieve a low magnification and in this case one or more projector 
lenses will be switched off.
3.5.1.6 The camera
Traditionally the camera has simply been a means of introducing a sheet of fine 
grain photographic film under the viewing screen, and a shutter mechanism (usually 
in the microscope column) to expose it. With the increase in the availability of 
digital imaging technology, charge-coupled device (CCD) array cameras are 
becoming more widespread. Much more advanced cameras are also available which 
can capture images thousands of pixels wide. The CCD array is often cooled to 
reduce noise and allow longer exposure times.
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3.5.2 Specimen Preparation for TEM
It is not straightforward to make a specimen thin enough for TEM (a few tens of 
nanometres to a micron in thickness) I?I]. The sample must be strong enough to 
handle and last long enough to be examined in the microscope. The different 
specimen preparation techniques can be divided into two basic approaches. First is 
removal of unwanted material, by either chemical 01* mechanical means, until only a 
very thin specimen is left behind. Second is cutting, in which the sample is either 
cut with a knife or cleaved along crystallographic planes so that a very thin 
specimen, or region of a specimen, is produced. Here we will only describe the 
focused ion beam (FIB) technique since this was the only method TEM used to 
prepare samples in this thesis.
A FIB system works very similarly to a scanning electron microscope, except that it 
uses a finely focused beam of gallium (Ga+) ions instead of the latter’s use of 
electrons. This focused primary beam of gallium ions at energy of 30 keV, with a 
spot size on modern systems of <10 11111, is rastered on the surface of the material to 
be sectioned. The FIB is of immense benefit in preparing specimens for TEM. In 
most cases, the specimen must be cut to a thickness of ~100 nm. Using the FIB, it is 
possible to locate the feature from the top surface of the specimen and cut the 
structure so as to leave a thin foil remaining. Figure 3.25 shows the top view of the 
FIB prepared TEM foil taken from a MEMS polysilicon gear (prepared by the FEI 
Bristol FIB Lab, UK). The sides of the foil can be cut, and then the foil removed 
and placed in the TEM.
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Figure 3.25 Top view of the FIB prepared TEM foil.
3.6 EXPERIMENTAL DETAILS
3.6.1 Introduction
The previous sections of this Chapter have introduced the principles and 
instrumentations of the techniques employed in this study. The following section 
describes the specific details of the instrumentation used to obtain the results 
present in this thesis.
3.6.2 Auger Electron Spectroscopy (AES)
A VG Scientific Microlab Mk2 with a York Probe Sources schottky emitter was 
used to acquire Auger spectra. General spectra were obtained with a 15 keV
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electron beam delivering specimen currents in the region of 20 nA and having a 
probe diameter in the order of 100 nm, The analyser was operated in the constant 
retard ratio (CRR) mode at 4 with a energy step size of 1 eV. Si KLL spectra were 
obtained at CRR 10 with a energy step size of 0.2 eV.
3.6.3 X-Ray Photoelectron Spectroscopy (XPS)
XPS spectra were recorded from a Thermo VG Scientific Sigina-Probe 
spectrometer using a monochromated Al K a source (140 W) and employing a 
spherical sector analyser. Spectra were recorded from an area of 250 pm and at a 
take-off angle of 53° with respect to the sample surface normal. Survey spectra 
were taken at a pass energy of 150 eV and elemental narrow scans at 20 eV. Angle- 
resolved XPS elemental spectra were recorded at take-off angles of 28° and 78° 
with a pass energy of 50 eV for narrow scans. Peaks were curve fitted using a 
mixed Gaussian/Lorentzian function after a Shirley background subtraction and 
quantification performed using instrument modified Scofield sensitivity factors.
3.6.4 Atomic Force Microscopy (AFM)
A Nanoscope HI, Digital Instruments AFM was used to investigate morphology and 
undertake nanowear studies. For both morphological and wear measurements, a 
three-sided pyramidal natural diamond tip mounted on a gold coated stainless steel 
cantilever beam (spring constant 160 N/m) was employed. The diamond has an 
apex angle of 80° and a tip radius of about 120 nm (measured by using SEM and 
AFM). Specimens were scanned orthogonal to the long axis of the cantilever with a 
scanning speed of 1 pm/s. In order to observe the wear marks and measure their 
depth, a larger sample surface area was scanned before and after the nanowear test 
using the same diamond tip at a normal load of 500 nN. The reported wear depths 
are an average of three measurements. Force-distance curves were obtained using a 
silicon tip (spring constant 0.6 N/m) at scan rate of 1 Hz in contact AFM mode. All
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force-distance curves shown in this thesis represent three measurements at the 
different area on the sample using the same tip. Experiments for wear mechanism 
studies were undertaken at a large area (5 pm x 5 pm and one cycle consisted of 256 
parallel scanning lines) at different normal loads and not scanned by AFM before 
putting into SEM chamber. All AFM experiments were taken at room temperature 
(18°C ~ 25°C) and relative humidity of 35% ~ 50%.
3.6.5 Transmission Electron Microscopy (TEM)
Transmission Electron Microscopy (FEI/Philips CM200) was conducted to observe 
the MEMS microstructures. The electron microsope was operated at a voltage of 
200 lcV. TEM sample was prepared in The Aztec Centre, Aztec West Business 
Park, Bristol using an FEI Strata 205 workstation with Ga+ ion beam at 30 keV. 
The specimen was produced normal to the sample surface and with a thickness of 
100 mil.
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CHAPTER FOUR
AUGER DEPTH PROFILE OF 100 NM 
REFERENCE Ta2Os LAYERS
4.1 INTRODUCTION
According to the original aim of this work, Auger electron spectroscopy would 
have been a major analytical tool to study the wear debris produced from the 
MEMS during operation. Therefore, becoming familiar with Auger spectroscopy 
and Auger depth profiling was important.
Auger depth profiling was introduced in Chapter 3.2.3. In this Chapter, a standard 
material (100 nm reference tantalum pentoxide (Ta2Os) on tantalum layer supplied 
by National Physical Laboratory, Teddington, Middlesex, UK) is used. Auger depth 
profiles from this reference layer at different ion beam currents and ion gun 
magnifications are presented and discussed.
Measurements were undertaken to determine the optimum experimental parameters 
for depth profiling and the etch rate and depth resolution for the VG Microlab MKII 
in The Surface Analysis Laboratory at the University of Surrey. The ion gun, used 
for the composition depth file was the EX05 argon ion gun mounted at 45° to the 
sample. The base pressure in the ultra vacuum system was 10'9 mbar and 5x10‘6 
mbar during ion gun operation. The sputter gas was 99.999% grade BOC purishield 
Argon. Prior to entering the ion gun the gas is passed through a BOC gas purifier to 
remove oxygen and water.
64
Chapter Four-Anger Depth Profile o f 100 am reference Ta2Os Layers
The Auger peaks monitored to form the profile were the oxygen KL23L23 peak at 
510 eV and the tantalum M3N67N67 peak at 1684 eV. Peak intensity was determined 
from measuring peak-to-peak heights. Depth profiles were recorded at ion gun 
beam 2 keV and nominally two different ion currents (60 nA and 170 nA) and 
magnifications (x20 and x50) for comparison.
4.2 RESULTS AND DISCUSSION
A spectrum taken from the native surface of the Ta20 5  standard sample is shown in 
figure 4.1. The oxygen KL23L23 peak at 510 eV and the tantalum M5N67N 67 peak at 
1684 eV were selected as the peaks from which the profile would be constructed.
Ta M5N67N67
Figure 4.1 An Auger spectrum of the Ta2Os native surface specifies O and Ta 
peaks’ positions used to produce the depth profile.
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Figures 4.2 and 4.4 show the raw data, i.e. 0  peak and Ta peak intensity plotted as a 
function of sputter time at x20 magnification and 170 nA and 60 nA ion current, 
respectively. The data after converting peak intensity into elemental concentration 
and sputter time into crater depth at different magnifications and ion currents are 
shown in Figures 4.3, 4.5, 4.6 and 4.7. These conversions were possible as it is 
known that the reference layer has an exact Ta20 5  stoichiometry and a well-defined 
100 nm thickness. Sputter rate was obtained by dividing the thickness by the time 
measured to reach the interface from the raw data of a depth profiling experiment.
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Figure 4.2 Standard 100 nm Ta2(V  Ta film depth profile at x20 magnification and 
170 nA ion current.
Depth (nm)
Figure 4.3 Schematic of film depth as a function of atomic percent at x20 
magnification and 170 nA ion current.
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Counl*/1000
Figure 4.4 Standard 100 nm Ta2C>5/ Ta film depth profile at x20 magnification and 
60 nA ion current.
cook-0)Q.
o
E
2<
Depth (nm)
Figure 4.5 Schematic of film depth as a function of atomic percent at x20 
magnification and 60 nA ion current.
68
Chapter Four - Auger Depth Profile o f  100 tun reference Ta,Os Layers
Depth (nm)
Figure 4.6 Schematic of film depth as a function of atomic percent at x50 
magnification and 175 nA ion current.
Depth (nm)
Figure 4.7 Schematic of film depth as a function of atomic percent at x50 
magnification and 70 nA ion current.
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It can be seen from depth profiles (Figure 4.2 and 4.4), carbon (which could be 
adsorbed species like C, CO, or CxI4y) is initially sputtered from the sample surface. 
Secondly, the initial hump in the oxygen profile suggests that oxygen is 
preferentially removed with respect to the metal [371. A steady state is reached after 
a certain time depending on ion beam currents. Finally, the sharp decrease of 
oxygen and increase of tantalum indicate the interface between the oxide film and 
metal substrate and the profile continues into the tantalum substrate.
As the film thickness is known, it is possible to determine the etch rate for any 
particular ion beam magnification and current. With an ion current of 170 nA, the 
sputter rate for magnifications of x20 and x50 is 1.84xl0"2 nm/s and 7.27xl0"2 
nm/s, respectively and at lower ion current of 70 nA, it is 0.69x1 O'2 nm/s and 
2.86x102 nm/s, respectively. The ratio of the sputter rates obtained for different 
magnifications (but the same ion current) might be expected to be equal to the rates 
of the corresponding etched areas. Therefore, the etch rate at x50 magnification 
would be 6.25 times higher than that at x20 magnification. Whereas measurements 
of the crater sizes using optical microscope, this ratio was found to be 3.5 rather 
than 6.25. However, Table 4.1 shows that the ion current and sputter rate ratios are 
consistent for any particular magnification. Consequently, the calculated sputter 
rates are reliable, but the areas measured from control unit are clearly questionable.
For many samples, in particular for crystalline samples, the depth resolution Az 
increase proportionally with the square root of the film thickness z 1541. Amorphous 
films such as Ta20 5 /Ta exhibit a much better depth resolution because of a smaller 
sputter induced roughness at a given angle of incidence of the ion beam 1721. The 
depth resolution Az of the interface discussed in this Chapter is defined as the depth 
over which the oxygen intensity drops from 84% to 16% of the steady state value as 
recommended by ISO 14606: 2000 [S31. The calculated depth resolutions for the 
different operating parameters are given in Table 4.2. The depth resolution at x50 is 
poor, but at x20 we obtain values of 2 and 3 nm for beam currents at 170 nA and 60 
nA, respectively. At a crater depth of 100 nm, obtaining a depth resolution of 2 nm 
is that expected for a well-aligned system 1731.
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Table 4.1 Correlation between ion current and sputter rate at different 
magnification.
Parameter
Item
Magnification from control unit
x20 x50
Ratio of ion current 170/60 = 2.8 175/70 = 2.5
Ratio of sputter rate 1.84/0.69 = 2.7 7.27/2.86 = 2.5
Table 4.2 Sputter rate and depth resolution at different beam current and 
magnification.
Beam current 
/nA 170 175 60 70
Magnification x20 x50 x20 x50
Sputter rate 
x l0 '2nm/s
1.84 7.27 0.69 2.86
Depth resolution 
/nm 2 26 3 33
As the attainment of a good depth resolution requires that the ion beam be well 
aligned with the electron beam in order to avoid crater edge effects, Auger analysis 
should be performed in the centre of the ion crater. The poor results for 
magnification x50 indicates that despite our efforts to align the two beams, the 
electron beam was probably not centred in the centre of the ion beam crater.
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Consequently, for optimum results, depth profiling should be undertaken on the 
Microlab II at a x20 magnification. At this magnification, use of an ion beam 
current of 170 and 60 nA gives etch rates of 1.84x1 O'2 nm/s and 0.69x1 O'2 mn/s, 
respectively and a depth resolution of 2 nm and 3nm, respectively.
Although using rastered electron beam analysis obtained a good depth resolution at 
low magnification, it brought out the difficulty in aligning the ion beam and 
electron beam at high magnification. Therefore, it was concluded that the electron 
beam operated in point analysis mode in the centre of the crater should be used 
when performing depth profiling of the MEMS.
4.3 CONCLUDING REMARKS
Auger depth pofiling of a 100 nm thick standard tantalum pentoxide (Ta20 5 ) layer 
has shown that for the VG Microlab II, optimum profiles will be obtained at x20 
magnification. At x50 magnification, the electron and ion beam alignment is 
suspect and edge effects will have a detrimental affect on the depth resolution 
obtainable. At x20 magnification, an etch rate of 1.84xl0‘2 nm/s and 0.69x1 O'2 
nm/s will be obtained for beam currents of 170 and 60 nA respectively, and a depth 
resolution of 2 nm and 3 nm can be achieved under these conditions.
This work was carried out in readiness for sputter depth profiling of actual worn 
MEMS devices which we had been promised. Unfortunately there were never 
forthcoming from our collaborator. But the work is included in the thesis for 
completion.
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CHAPTER FIVE
MORPHOLOGY AND 
MICROSTRUCTURE OF MEMS
5.1 INTRODUCTION
In this chapter, we discuss the use of SEM, AES, AFM and TEM to study the 
morphology and microstructure of a MEMS test structure fabricated at the Sandia 
National Laboratory, USA for the Central Microstructure Facility, Rutherford 
Appleton Laboratory, UK.
5.2 MEMS TEST STRUCTURE
An image of the MEMS test structure is shown in Figure 5.1. OTS (CisFLvSiCE) 
was employed as the self-assembled monolayer coating to reduce stiction in the 
MEMS release procedure. Operation of this test structure was described in Chapter 
2, Section 2.4. By applying a proper voltage to those bond pads, the microengine 
which includes the drive arms, the pin joint and the drive gear will be in operation. 
While the drive gear is rotating (by comb drive and drive arms) gear chain converts 
rotational motion to linear motion, thus driving a linear rack. Dynamometer is used 
to determine the coefficient of friction by measuring the normal and tangential 
forces. The torsional ratcheting actuator uses a rotationally vibrating (oscillating) 
inner frame to ratchet its surrounding ring gear. Charging and discharging the inner
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Figure 5.1 MEMS test structure. Size measures at 6.3 x 2.8 mm.
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interdigitated comb fingers causes this vibration (visit 
http://mems.sandia.gov/scripts/images.asp to see the function of other parts in the 
test structure).
As described in Chapter 2.4, binary counters such as gears, pinhole connections 
(Figure 5.2) were found to be the primary failure in the MEMS test structures. So it 
is of paramount importance to study the gears at first place. Figure 5.2 is a close-up 
SEM image of the gear chains. It is shown that the gears have diameters ranging 
from about 80 to 400 pm and thickness around 2 pm.
Figure 5.2 SEM image of MEMS gears (polysilicon) and substrate (silicon nitride) 
at electron beam energy of 12 keV (indicated as ‘ Liner rack gear drive’ in Figure 
5.1).
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5.3 SURFACE MORPHOLOGY
As can be seen, the gear surface consists of a high density of islands on a relatively 
flat surface (Figures 5.3). Similar morphology has also been observed on both 
MEMS silicon nitride substrate and polysilicon gears (Figure 5.4) using AFM. The 
diameter and maximum height of the islands range from 200-500 nm and 10-20 nm 
respectively.
Figure 5.3 SEM micrograph of MEMS gear at electron beam energy of 5 keV.
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Figure 5.4 AFM surface profiles of MEMS silicon nitride substrate (left) and 
polysilicon gear (right).
In order to determine the origin of the islands, AES was employed to identify any 
changes in composition between the islands and general surface. Auger point 
spectra showed the presence of Si, C and O peaks from both the islands and 
surrounding surface but no significant difference in the composition from the two 
regions was found (Figure 5.5).
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Figure 5.5 Differential Auger point spectra from the MEMS polysilicon gear island 
(top) and flat surface (bottom).
5.4 MICROSTRUCTURE OF MEMS
5.4.1 SEM-Cross Section
For the sake o f better understanding the structure of MEMS polysilicon gears and 
silicon nitride substrate, cross section of the gear was obtained by mechanically 
breaking one gear shown in Figure 5.2. Using SEM, it shows that gear cross section 
is featureless and no evidence of columnar structure (Figure 5.6 and 5.7). However,
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an uneven surface with island-like structure has been observed clearly. This is again 
consistent with those images seen in AFM (Figure 5.4) and SEM (Figures 5.3).
Figure 5.6 Top view of broken gear surface and cross section area.
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Figure 5.7 SEM image of cross section of broken gear with its surface.
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5.4.2 TEM-Cross Section
Figure 5.9 shows the FIB prepared TEM foil taken from the MEMS gear. The 
island structures are clearly seen on the MEMS general surface in the ion beam 
induced secondary electron image (b).
FEI Bristol FIB Lab
Beam j Det I Tift i pA 1 Mag I HFW  I FW D l 
30 0  kV j CDM-El 45.0- ! 38 0 I 10.0 k x i 30 4u m  180
Figure 5.9 a) Top view of a FIB prepared sample from a MEMS gear. The thin 
cross section is ready to be cut free and moved to a TEM sample grid, b) TEM 
sample prepared from the top gear shown in Figure 5.2. (The sample is composed 
of a top polysilicon gear layer and another polysilicon layer underneath. There is a 
hole in the gear. Platinum has been deposited onto the top surface and into the hole 
prior to the FIB milling).
TEM images of the MEMS polyslilicon gear are given in Figure 5.10. As observed 
from the SEM cross section, the TEM images also show no presence of columnar 
structure. The grain size of the polysilicon layer is of the order of 0.2-0.5 pm. An 
amorphous layer of approximately 50 nm in thickness was observed at the surface. 
But this amorphous layer was only found in regions where the Pt coating layer is
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thick. It is absent where this Pt layer is thin (Figure 5.10 a). The high magnification 
image (Figure 5.10 b) shows that the amorphous layer has a similar contrast to the 
polysilicon (indicative of it being the same material). EDX spectra and maps have 
confirmed that the amorphous layer has the same composition as the surrounding 
polysilicon (Figure 5.11).
Figure 5.10 TEM micrographs of MEMS polysilicon gear film (taken from the 
dashed box area in Figure 5.9 (b)). (a) Low magnification image showing the 
amorphous layer present in regions where the Pt coating layer is thick, but absent 
where this Pt layer is thin, (b) Higher magnification image of the amorphous layer, 
showing a local area where the polysilicon surface is not flat.
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Figure 5.11 EDX maps of the area shown in Figure 5.10 (b); a) platinum; 
b) silicon.
5.5 DISCUSSION
An island-like morphology was found on the MEMS polysilicon gear and silicon 
nitride substrate layers. Other studies of perfluorodecyltrichlorosilane (FDTS) and 
OTS coated polysilicon have shown the growth of islands of approximately 0.5 pm 
in diameter and 30-60 nm in height for FDTS coated samples exposed to high 
humidity [741. OTS coated samples also exhibited island growth, but a lower density 
of islands was observed. It has been speculated that diffusion of SAM molecules 
across the surface may lead to 3D polymerisation and consequent dome formation 
[7S|. However, from our Auger point spectra, there is no significant difference in 
composition between the islands and the surrounding flat surface indicating that 
SAM agglomeration is not the origin of this morphology.
Investigations of LPCVD deposited polysilicon layers have been undertaken by 
some researchers *76~77! In these studies, the island-like structure was clearly related 
to columnar growth within the bulk, with the islands being the tops of the columns.
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According to the poly silicon TEM images (Figure 5.10), however, there is no 
evidence of columnar growth. A thin (approximately 50 nm) amorphous silicon 
layer was found in regions where there had been heavy deposition of platinum. 
EDX maps of platinum and silicon show that the amorphous layer is composed 
only of silicon, indicating that this layer results from surface damage caused by 
platinum deposition prior to FIB milling. This finding is consistent with the results 
of Rubanov and Munroe who have found that deposition of the platinum layer 
results in significant modification (e.g. amorphorisation) of the surface and a 60 nm 
layer of gold is necessary to prevent such damage p81.
The structural and morphological (grain size, crystalline phase and film roughness) 
properties of the deposited films are found to be strongly dependent on the 
deposition temperature {791. Deposition below 570°C gives an amorphous structure, 
then between 580°C and 600°C hemispherical grains (HSG) are observed and 
above 620°C a fine polycrystalline columnar structure is formed 1801. Polysilicon 
construction layers used in our MEMS device are deposited as an in situ, 
phosphorus-doped polysilicon films from silane in a low-pressure chemical vapor 
deposition (LPCVD) furnace at ~580°C 181When a polysilicon film is initially 
deposited, it is amorphous. Annealing is then required to convert the amorphous 
layer into a crystalline structure. Wantanabe et al. reported on LPCVD silicon films 
grown at temperatures of 580 °C and 590°C [821. An island-like structure was 
observed in their experiments, but TEM cross section images show the absence of 
any columnar growth. The holding time in vacuum after annealing was critical to 
island growth and different morphologies were observed for different holding 
times. Sakai et al. 1831 have examined the formation of a-Si layers by electron beam 
evaporation in a UHV environment, followed by annealing and shown island-like 
growth after annealing the films at 600°C for 5 minutes. Both Wantanabe et al. and 
Sakai et al. attribute the island-like features to the surface diffusion of Si atoms on 
the a-Si surface facilitating the nucleation of crystalline silicon islands.
The grain size of polycrystalline structure is determined by the deposition 
conditions and the annealing temperature [5,84]. At low deposition temperatures, it is
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more difficult for stable nuclei to occur, thus, the grains grow larger before they 
impinge on each other 1831. For a given deposition temperature, a large grain size 
was obtained at low annealing temperature.
There is lack evidence in the literature for the formation of island-like structures on 
silicon nitride films. Layers with roughened surfaces have been identified by Yang 
et al. for LPCVD and PECVD silicon nitride films 1861. They attribute the enhanced 
roughening of PECVD films compared to LPCVD layers to the lower deposition 
temperature of the former resulting in a more defective structure. Velasco and 
Concepcion have reported that spherical-cap shaped clusters appear for silicon 
nitride films deposited on silicon wafers by LPCVD 1871. The diameter of the 
clusters range from 0.17 to 1 pm depending on the deposition conditions. Their 
explanation for this morphology is that initially the nucleation rate of silicon nitride 
is faster than the growth rate.
5.6 CONCLUDING REMARKS
The microstructure of MEMS polysilicon gears was studied using TEM together 
with the characterization of the MEMS surface using SEM and AFM.
SEM and AFM have clearly identified an island morphology on the MEMS 
surfaces. AES point analysis showed no difference in composition between the 
islands and surrounding surface. In an attempt to understand the origin of the 
morphological island structure, FIB prepared TEM cross-sections were examined. 
An integral part of the FIB sample preparation involves deposition of a protective 
Pt layer on to the surface of the sample. It was found that the deposition of this Pt 
layer unfortunately results in amorphisation of the polysilicon surface and no 
evidence of an island structure could be observed. It seems probable that in the 
process of amorphisation, the original morphology is destroyed. However, EDX 
mapping of the cross-sectioned specimen has shown a uniform Si concentration in 
both the amorphised layer and underlying bulk, suggesting that the amorphous layer
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is comprised purely of silicon. Thus both the AES and EDX analysis indicate that 
the islands formed on the MEMS surfaces are simply morphological features - i.e. 
their composition is the same as that of the underlying bulk material and not 
associated with the SAM layer or the formation of a different Si based compound at 
the surface. Furthermore, it is clear from the FIB sections that columnar growth is 
not responsible for the development of this surface morphology.
The mechanism of island formation is still not clear, but it is probable that the HSG 
morphology develops either as part of the LPCVD layer growth process or as a 
result of surface diffusion after the deposition has finished.
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CHAPTER SIX
SURFACE CHEMISTRY EVIDENCE OF 
SELF-ASSEMBLED MONOLAYER
6.1 INTRODUCTION
The self-assembled monolayer and its function were discussed in Chapter 2. The 
MEMS surface is hydrophobic after the monolayer treatment, which reduces 
release-related stiction during the MEMS manufacture process. In this Chapter, the 
evidence for a self-assembled monolayer 011 the MEMS surface will be studied 
using Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS) 
and atomic force microscopy (AFM). The reference silicon wafer and CVD silicon 
nitride layer were supplied by Intel (Ireland).
6.2 SURFACE CHEMISTRY
To obtain information on the hydrophobicity of the different surfaces, AFM force- 
distance curves were recorded from the MEMS surface (sample 1), the reference 
silicon wafer and the CVD silicon nitride layer. Figure 6.1 shows an average of 
three measurements using .the same tip at different areas of the substrate. From 
these curves, the trianglular area of the withdrawal curve defined by the crosses in 
the first image is proportional to the work of adhesion between the AFM tip and the 
sample surface [88]. If both the tip and sample surface are hydrophilic, there will be 
strong adhesive interaction between them and this area will be large. But if one of 
them is hydrophobic, the adhesive interaction will be low and hence the area small.
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The tip used here is silicon, which is hydrophilic. The large area of the withdrawl 
curve for the silicon wafer and CVD silicon nitride layer surfaces indicate that they 
are hydrophilic. On the contrary, a small adhesive interaction is observed for the 
MEMS polysilicon gear and silicon nitride substrate surfaces, indicating that both 
are hydrophobic.
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Figure 6.1 AFM force curves on the MEMS gear and substrate (bottom) compared 
with the reference silicon wafer and CVD silicon nitride layer (top), (spring 
constant: 0.6 N/m; scanning rate: 1 Hz).
Figure 6.2 shows Auger spectra taken from the MEMS substrate (top) and the gear 
(bottom). The survey spectra show the presence of carbon, oxygen, fluorine (which 
probably originates from the HF etch solution), silicon and nitrogen peaks on the 
substrate. The position of the Si KL23L23 main peak is similar for both the MEMS 
substrate (1612 eV) and gear (1613 eV). However, the shape of the Si KLL 
spectrum is very different between silicon nitride and polysilicon. In the latter, the
88
Auger peaks are sharper and plasmon peaks are also present, indicative of semi- 
metallic nature of the polysilicon. The peak at lower kinetic energy (1604 eV) on 
the gear is indicative of Si-0 bonding.
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Figure 6.2 Auger spectra o f survey and Si KLL on: MEMS substrate (top) and gear 
(bottom).
In order to obtain more detailed chemical state information, XPS was undertaken. 
Figures 6.3-6.5 present XPS survey, C Is and Si 2p spectra from a reference silicon 
wafer, the silicon nitride substrate, and the largest polysilicon gear (shown at the 
top of Figure 5.2). Details o f the fitted components and elemental concentrations 
are given in Table 6.1.
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Figure 6.3 Survey and peak fitted spectra of C Is and Si 2p of the reference silicon 
wafer.
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Figure 6.4 Survey and peak fitted spectra of C Is and Si 2p of the MEMS silicon 
nitride substrate.
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Figure 6.5 Survey and peak fitted spectra of C Is and Si 2p of the MEMS 
polysilicon gear.
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Table 6.1 Binding energy (eV) of XPS fitted C Is and Si 2p components and 
elemental concentrations determined for the silicon wafer, silicon nitride MEMS 
substrate and polysilicon MEMS gear.
Sample Element At. % Bond Binding energy (eV) Relative intensity
Carbide 283.9 0.011
Silicon C 17.9 C-C, C-H 285.0 0.136
wafer C -0 287.5 0.033
Si 29.8 Si-Si 99.5 0.099
Si20 100.4 0.025
SiO 101.4 0.002
Si20 3 102 0.018
S i0 2 103.8 0.154
0 52.3 533.4 0.523
Carbide 283.3 0.023
MEMS C 22.3 C-H, C-C 285.0 0.165
substrate C-0 286.4 0.035
Si 30.8 Si-N 101.8 0.308
N 28.4 397.8 0.283
0 18.5 532.7 0.185
Carbide 283.4 0.071
MEMS gear C 34.9 C-H, C-C 285.0 0.245
C -0 286.7 0.034
Si 34.8 Si-Si 99.4 0.189
Si20 100.3 0.055
Si-0 101.2 0.011
Si20 3 101.8 0.049
R -Si03 + S i02 102.9 0.043
0 30.3 532.4 0.303
The C Is peak shape is similar for the three materials. In the case of the silicon 
nitride substrate, the spectra were charge shifted by 2.7 eV and subsequently charge 
corrected to 285.0 eV for hydrocarbon. The C Is peak consists of three components, 
attributable to hydrocarbon (C-C, C-H), C-0 bonding and C-Si bonding |89‘9,)|. The 
Si 2p peak positions of Si-Si and Si-N bonding occur at 99.3 and 101.8 eV
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consistent with the work of Finster and Taylor et al. ,91'921. An oxide is clearly 
present on both the silicon wafer and polysilicon gear. No S i02 was observed on the 
silicon nitride substrate, which is consistent with Auger results shown earlier. 
However, the presence of sub-oxide species is probable. The binding energies of 
such species are similar to Si-N bonds, so they are not distinguishable in the spectra 
1921. The Si 2p peak for the Si wafer can be fitted into 5 components, corresponding 
to Si-Si, Si20 , SiO, Si20 3 and S i02 at 99.5, 100.4, 101.4, 102.0 and 102.8-104.3 eV 
respectively in accordance with that described by Seah and Spencer i93]. The 
dominant oxide peak on the Si wafer is S i02 at a binding energy of 103.7 eV. For 
the self-assembled monolayer (SAM) coated MEMS polysilicon, the R-Si03 
functionality occurs at approximately 102.9 eV 1941 and this peak will contribute to 
the S i02 component in the peak fit. The most dominant peaks found from the peak 
fit were those corresponding to Si20 , Si20 3 and Si02 + R-Si03. The C-Si peak is 
found in the C Is peak fitted spectra of the MEMS substrate and gear. However, the 
Si-C peak is not shown in the peak fitted spectra of the Si 2p peak. This is because 
the Si-C peak occurs at 100.4 eV [901, and hence overlaps with the Si-N substrate 
peak or Si20  species on the polysilicon gear.
Information on the depth distribution of the chemical species identified can be 
provided by undertaking angle-resolved XPS. Wide scans and peak fitted C Is and 
Si 2p spectra taken at take-off angles of 28° and 78° with respect to surface normal 
acquired from the MEMS substrate and gear are shown in Figures 6.6 and 6.7. (The 
spectra acquired at 28° to the surface normal are labelled as ‘bulk’ and that at 78° 
labelled as ‘surface’). A different sample (sample 2) was used to that from which 
the previous XPS spectra (Figs 6.3 -  6.5) were acquired. This sample had been 
stored for about 16 months in air prior to angle-resolved XPS analysis.
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Figure 6.6 Angle-resolved XPS survey, C Is and Si 2p peak fitted spectra at 
different take-off angles (Bulk: 28°, Surface: 78°, see Figure 3.8 for definition) 
recorded from the MEMS substrate.
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Figure 6.7 Angle-resolved XPS survey, C Is and Si 2p peak fitted spectra at 
different take-off angles (Bulk: 28°, Surface: 78°, see Figure 3.8 for definition) 
recorded from the MEMS gear.
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From survey spectra of the MEMS substrate, fluorine peaks are shown both from 
surface and bulk areas, which might be caused by the IiF etch solution during 
MEMS release procedure (fluorine was also detected in the Auger spectra on the 
MEMS substrate as shown in Figure 6.2). The MEMS gear surface and bulk survey 
spectra show similar species but a difference in intensity. The C/O ratio on gear 
surface is 2.3 while it is 1.3 in the gear bulk. On the MEMS substrate surface, this 
ratio is 1.5 where as in substrate bulk it is 0.9. In both cases, the higher C/O ratio on 
the surface suggests the carbon to be concentrated at the surface.
As can be seen from C Is peak fitted spectra on the MEMS substrate, the carbide 
peak is more intense on the surface than in the bulk. In the Si 2p spectra, in addition 
to the main Si-N peak, a peak possibly corresponding to elemental silicon appears 
(Figure 6.6). When the stoichiometry of this sample (sample 2) is compared to the 
stoichiometry of sample 1 (where no low energy component was present), no 
evidence of a change in stoichiometry was found. Consequently, the change in Si 
2p peakshape for sample 2 is not known.
On the MEMS gear, similar silicon components are found as shown for the Si 2p 
fitted spectra in Table 1. It is important to note that the intensity of the oxide 
species on sample 2 is much higher than that on the sample 1 from which Figure 6.5 
was taken. Consequently, other spectra taken from sample 1 after a period of air 
exposure were examined. Figure 6.8 shows a comparison of sample 1 measured 
relatively soon after fabrication (a) and after 7 months stored in a plastic box in air 
(b). The oxide thickness has clearly increased.
In the C Is peak fitted spectra, the carbide component is smaller than that observed 
on the MEMS substrate. In addition, there is a peak at 288.4 eV corresponding to 
0 = 0  bonding. This is probably due to the further oxidation of carbon-related 
species on the gear surface.
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Figure 6.8 XPS spectra show the oxidation of MEMS gear before (a) and after (b) 
7 months stored in a sealed plastic box in air.
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6.3 DISCUSSION
By measuring the adhesive force between the tip and sample surface, AFM force 
curves have shown that the silicon wafer and CVD silicon nitride layer surfaces are 
hydrophilic whereas the MEMS polysilicon gear and silicon nitride substrate 
surfaces are both hydrophobic. This is consistent with the work of Yoon et al. l9al, 
who noted that an OTS SAM coated surface has lowest adhesion force of silicon 
wafer, diamond like carbon (DLC) and tungsten-incorporated DLC surfaces 
investigated using a SiaN4 SPM tip. Alley et al., using modified AFM tip with OTS 
coating, also observed an adhesive force about two orders of magnitude less than 
that for an untreated tip when acquiring an image of silicon surface in ambient air
[961
A necessary precursor step to OTS deposition on the MEMS is exposure to H2O2 
since OTS molecules only react with Si-OH bonds 011 the surface 1971. The OTS 
molecules react with water and hydrolyse the chlorine head groups 1221. Deposition 
of OTS then results in the monolayer forming siloxane (Si-O-Si) bonds with the 
surface and adjacent OTS molecules (Figure 6.9). Since there was no evidence of 
chlorine shown in the XPS spectra, it can be assumed that the Si-Cl bonds in the 
OTS were fully replaced by Si-OH in the hydrolysis step. XPS analysis of OTS 
formed on Si undertaken by Ashurst et al. has shown the presence of an oxide with 
a peak maximum at about 102.5 eV [98i. Alexander et al. reported that the R-Si0 3  
functionality occurs at approximately 102.9 eV for the self-assembled monolayer 
coated MEMS polysilicon [94i. The strong oxide component observed here on the 
MEMS polysilicon (Figure 6.5) is in accordance with the formation of siloxane 
bonds at the SAM/polysilicon interface. The nature of the oxide is clearly different 
from the Si02 dominated oxide formed on the Si wafer (Figure 6.3).
Chapter Six - Surface Chemistry Evidence o f Self-assembled Monolayer
Bulk-
v''f  1 polymerisation
Hydrolysis f,'/, *
‘ " t  .1
v .  ^
\  ■ . r
V* “ f* ' +H20I *•* ,
* ‘ + 3 hk0  k \
* /   ► f / * ’* + 3 H C I  *-ai 4
f  , )’ Absorption  and
5 Cl *. s *"1 *"? * y  » V "  linking with
cs V *  O J i -+*v »--L. surface
o / V h v  'y *' ; / s '7 '*
*T* , f rf , (
n-alkyh n-alkyl- »’'■ \ ' >
Irichlorosifnnc trihydroxysilanc V.  a - /  +
SI /  « t
S102 Network 
I'/s’r-w/»;SiBc:pn-’ 'M'M'Yl
Figure 6.9 Schematic of SAM formation process on silicon |99].
Angle-resolved XPS from the MEMS sample 2 showed an increase in the 
polysilicon oxide thickness together with a C Is component at 288.4 eV 
corresponding to C=0 bonding. The appearance of this latter peak is probably due 
to the further oxidation of carbon-related species on the gear. These results together 
with the evidence given in Figure 6.8 indicate that further oxidation may occur on 
gear surface during MEMS storage period in air environment. Miramond and 
Vuillaume observed slight oxidation of silicon surface with 1-octadecene 
monolayer coating after nine weeks storage at room temperature in air I100l  Our 
XPS results showed the presence of an OTS layer on the MEMS gear. However,
t o o
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there are defects and incomplete polymerization of the head groups caused by steric 
hindrances in the molecular configuration after OTS formation 1101-102) These sites 
are thus vulnerable to the water and oxygen attacks during the microdevices storage 
time in air 1741. The increase in intensity of the polysilicon oxide components also 
indicates the instability of silanol sites at the silicon-silane interface (Figure 6.9). 
This could be potentially harmful to the MEMS in service since SAMs are widely 
used as tribological coatings to lower friction coefficients [103"1041. The origin of 
C=0 bonding is probably due to the oxidation of carbon-related components on the 
gear. Schneider et al. reported oxidation of alkyl chains as a function of time by 
exposure alkylsilane-based SAMs to ambient atmosphere or ozone |1<b|. To date, 
most SAMs stability studies have been concentrated on factors such as temperature 
in an oxidizing atmosphere and relative humidity fl061. Whether oxidation of SAMs 
in ambient conditions is a common phenomena or it only happens as a result of 
incomplete deposition of SAMs on the surface, more systematic experiments need 
to be undertaken.
6.4 CONCLUDING REMARKS
AFM force-distance curve experiments and XPS investigation exhibit the presence 
of OTS layer on the MEMS surfaces.
After storing in ambient environment for seven months, further oxidation is 
observed on the MEMS gear. This indicates the instability of OTS coating in an 
oxygen-rich environment. Since silane-based SAMs are widely used to reduce 
stictions in silicon-based MEMS, the degradation of SAM during storage time will 
weaken its function, thus may affect the lifetime of the microdevices especially 
those operate under ambient conditions.
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Chapter Seven -  Wear of MEMS and MEMS Materials
WEAR OF MEMS AND MEMS 
MATERIALS
7.1 INTRODUCTION
There are two kinds of stiction observed in MEMS structures; one is release 
stiction, which can be reduced with SAM treatment, the other is in-use stiction. The 
mechanism of in-use stiction needs to be understood in order to improve the 
mechanical properties of MEMS devices.
In this Chapter, the results of wear investigation on the MEMS test structure as well 
as the reference silicon wafer, the LPCVD polysilicon layer and the CVD silicon 
nitride layer will be presented for comparison. By using a diamond tip mounted on 
a stiff cantilever beam, and applying a force to this cantilever, AFM can be used to 
perform wear studies of these materials.
7.2 WEAR ON MEMS
7.2.1 Wear on MEMS test structure surface
Figure 7.1 shows the morphology change of the MEMS polysilicon gear before and 
after one scanning cycle at 35 pN normal load using a diamond-tipped AFM probe. 
The MEMS polysilicon island-like structure is found to undergo more wear than the 
surrounding flat area. In the Figure, the height of the islands is reduced by 11.8 ±
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0.20 nm whereas the wear depth o f the flat area is 5.1 ± 0.10 nm. On the MEMS 
silicon nitride substrate surface, similar results were observed after scanning at a 40 
pN normal load for five cycles (Figure 7.2). The depth of the wear scar on the flat 
surface of the silicon nitride substrate is 2.1 + 0.06 nm whereas the island height is 
reduced by 4.5 ± 0.30 nm. Figure 7.3 shows that for both the polysilicon and silicon 
nitride MEMS surfaces, the islands will be worn down to a flat level when the 
applied force is increased (to 70 pN).
21 nm 9 nm 
5 nm
Figure 7.1 AFM wear micrographs of the MEMS polysilicon gear before and after 
wear at 35 pN normal load (one cycle).
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Figure 7.2 AFM wear micrographs of the MEMS silicon nitride substrate before 
and after wear at 40 pN normal load (five cycles).
7.2.2 Monolayer effect on wear of MEMS
We showed in the previous Chapter that on our MEMS surface, there is a SAM 
coating. It has been claimed that the SAM treatment not only reduces release- 
stiction in the MEMS manufacturing processes, but also makes MEMS devices 
more durable during their operational lifetime. In order to find out the effect of the 
SAM coating on the MEMS wear behaviour, secondary ion mass spectrometry
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Figure 7.3 AFM wear micrographs show island-like structure is worn down to a 
flat level after applying a 70 pN normal load on the MEMS a) polysilicon gear (one 
cycle) and b) silicon nitride substrate (five cycles).
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(SIMS) was used to etch away the monolayer. AFM micrographs of the MEMS 
polysilicon gear before and after 4.5 hours etching of the Gallium beam at 15 keV 
are shown in Figure 7.4 (images not taken from the exactly the same area on the 
MEMS gear). An etch rate of 2 nm/h was obtained under the same conditions when 
etching a silicon wafer |1071. Due to the long etch time used to remove the 
monolayer, the possible effects of ion implantation on the MEMS bulk 
microstructure, and thus, its properties may be of concern. However, it will be 
shown later in this Chapter that very similar wear behaviour is exhibited by the 
etched MEMS substrate and a reference CVD silicon nitride layer, indicating that 
the ion etching process has a negligible effect on wear properties.
From Figure 7.4, it can be seen that there are changes on the MEMS polysilicon 
gear surface after etching. Interestingly, the small islands present on the surface 
appear to have been flattened or removed but the large islands are still observable.
Figure 7.4 AFM profiles of MEMS polysilicon gear before (left) and after 4.5 
hours Ga etching at 15 keV, current 5 nA (right) using a VG TOF-SIMS Reflection 
instrument.
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An attempt to monitor SAM removal during etching process using TOF-SIMS 
proved unsuccessful. Consequently, adhesive force measurements between the 
AFM silicon tip and MEMS gear surfaces were undertaken at certain time intervals 
to check the progress of SAM removal. Only when the adhesive force was 
comparable with that from the reference LPCVD polysilicon layer was etching 
terminated (see Figure 7.5).
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Figure 7.5 Force distance curve of MEMS polysilicon gear with SAM present 
(top), absent (middle) and the reference LPCVD polysilicon (bottom).
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Wear tests were then undertaken on MEMS gears and substrates with and without 
the SAM at different normal loads. Figure 7.6 shows AFM wear micrographs of the 
MEMS gear after one cycle and the substrate after five cycles at a normal load of 
50 pN. As can be seen, the surfaces without the SAM showed reduced wear 
resistance.
Figure 7.7 gives the wear depth as a function of applied normal load on the MEMS 
surface with and without the monolayer, the reference silicon wafer, the LPCVD 
polysilicon layer and the CVD silicon nitride layer. In all cases, as expected, the 
weai* depth increases with increasing load applied. In Figure 7.7 a), the results show 
the silicon wafer to be least wear resistant for loads above 35 pN. The wear 
behaviour of the MEMS gear without the SAM is similar to that of the reference 
LPCVD polysilicon layer. However, the MEMS gear with the SAM is clearly the 
most wear resistant. The presence of the SAM layer leads to an approximate 
improvement by a factor of 2 in the wear resistance for the MEMS polysilicon.
In Figure 7.7 b), the wear behaviour of the MEMS substrate with and without the 
SAM and the reference CVD silicon nitride layer is presented. It is shown that the 
wear* depth on the MEMS substrate without SAM is comparable to the reference 
CVD silicon nitride layer as a function of load. Whereas the wear depth on the 
MEMS substrate with the SAM treatment is a factor of 3 times lower.
108
Chapter Seven -  Wear o f  MEMS and MEMS Materials
Figure 7.6 AFM wear micrographs of MEMS surfaces with (left) and without 
SAM coating (right) after scanning at 50 pN normal load on the a) polysilicon gear, 
one cycle and b) silicon nitride substrate, five cycles.
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Figure 7.7 Wear depth as a function of normal load for (a) the MEMS polysilicon 
gear surface in comparison with the reference silicon wafer and the LPCVD 
polysilicon layer and (b) the MEMS silicon nitride substrate compared with the 
CVD silicon nitride layer. (The arrow bar shown is the standard error of the mean)
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7.3 DISCUSSION
On the MEMS gear, at the same applied load, the island-like structure was reduced 
in height by 11.8 ± 0.20 nm while the relatively flat surface was reduced by 5.1 ± 
0.10 nm although there is no compositional difference between them. Similar 
results were observed on the MEMS substrate, 4.5 ± 0.30 nm of island-like 
structure was removed whereas the surrounding flat surface was only reduced by 
2.1 ± 0.06 nm. However, varying wear rates can occur for different crystallographic 
planes due to differences in the atomic density, bond strength and slip plane 
orientation to the surface I108409'. Zhong et al. investigated how wear occurs on the 
atomic level 11101. They pointed out that in general, these processes loosely fall into 
three categories of indentation, plowing and asperity shear as shown in Figure 7.8. 
From their experiments in asperity shear process, the degree of overlap is found out 
to be the most important factor in determining the amount of material removal. 
Furthermore, for the MEMS surface, differences in grain boundary density and 
nanotopography between the flat and island-lilce regions are also likely to influence 
the wear rate 1111"113! These results suggest that the island-like areas will have no 
obvious detrimental effect on the bulk wear resistance (assuming no bulk 
mechanical failure) i.e., they will be worn down level to the flat surface after a short 
run-in time (Figure 7.3).
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Figure 7.8 Three type of wear processes 11101
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SAMs are ordered molecular assemblies formed by chemical adsorption of an 
active surfactant on a solid substrate surface. Regarding the molecular structures 
used as SAMs, the effects of different chemical groups bound to the substrate and 
numbers of carbon atoms in the chain on tribological properties have been studied. 
Dating back to 1959, Zisman investigated the wear of glass coated with a fatty acid 
monolayer that contained various amount of carbon atoms in chain length 11141. He 
reported that monolayers with carbon atoms in chain lengths less than 12 acted as 
liquids with poor durability; those between 12 to 15 behaved like a plastic solid 
with medium durability and those of greater than 15 acted like a crystalline solid 
with high durability. McDermott et al. used AFM with silicon nitride tips to 
examine the influence of the alkyl chain length monolayers formed on Au (111) and 
found that longer chain monolayers exhibited a remarkable propensity to wear less 
than shorter chain monolayers 11151. Their studies showed that more ordered and 
more densely packed chain structures of monolayers were formed with longer chain 
lengths. Monolayers having a chain length of more than 12 carbon atoms, but 
preferably 18 or more, are desirable for tribological applications.
Thanks to their hydrophobic properties, SAMs are widely used to prevent adhesion 
from occurring during MEMS micromachining procedures 1116]. In addition, SAMs 
are also empolyed to reduce in-use wear by acting as solid lubricants 11031 and a 
marked improvement in lifetime was observed in SAM-coated polysilicon motors 
11171. Ren and co-workers 11181 examined the tribological properties of OTS formed 
on a silicon wafer using a one-way reciprocating tribometer. Their results showed 
the OTS exhibited a low friction coefficient when sliding against the Si3N4 ball. 
They attributed this to the formation of a transfer film on the counterpart ball during 
sliding.
The behaviour of SAMs under applied load and pressure has also been investigated. 
Berg and Klenerman 11191 used FTIR to study various alkanethiol layers on gold 
before, during, and after compression to 660 MPa against a sapphire counterface. 
Their results showed that the intensity of methyl C-H stretching modes decreases 
with applied pressure, indicating a loss of net orientational order among the 
terminal methyl groups. Salmeron claimed that the molecule in the monolayer
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retains its upright close-packed structure with a lattice periodicity when ordered 
I1201. However, at pressures above 0.1 GPa, changes in the form of collective 
molecular tilts take place that lower the height of the monolayer. He explained that 
only certain angles of tilt are allowed due to the interlocking of methylene units in 
neighboring chains. GarciaParajo et al. found out that the Iribological properties of 
OTS layers to be influenced by molecular disorder of the alkyl chains on self­
assembled ultrathin films grafted on silicon-treated surfaces using AFM |,21!. In 
order to identify the mechanical scribing condition for micro-machining 
applications, Sung et al. compared tribologieal characteristics of 
perfluorodecyltrichlorosilane (FDTS) and OTS formed on a silicon substrate *1221. It 
was found that the FDTS SAM showed higher friction than OTS SAM even though 
the surface energy of FDTS was lower than that of OTS. They attributed this to the 
difference in the size of the -C H 3 and -C F3 terminal groups. Furthermore, they 
found that a load of more than a few micro-Newton is required to remove the FDTS 
SAM coating in a single scan. For a freshly prepared hexadecanethiol 
(CH3(CH2)i5SH) film on Au (111), degradation and wear of the film is not shown 
until a contact pressure of 3.7 GPa is applied [123l  At 2.3 GPa, a transition from the 
thiol overlayer to the Au (111) substrate periodicity is also observed in the study of 
the effect of pressure on the structural and frictional properties of octadecanethiol 
film using sharp silicon nitride tips ,124'. Bhushan et al. conducted detailed wear 
studies on silicon wafers using OTS as a monolayer coating |125). They reported that 
the Ci8 film could withstand normal load much higher than 40 pN.
Wear experiments performed on our MEMS surface have shown that the wear 
resistance increased in the presence of an OTS SAM coating. Of all the silicon 
surfaces studied the wear resistance increased progressively in the order: Si wafer, 
etched MEMS gear, LPCVD polysilicon layer, OTS-coated MEMS gear (Figure 
7.6, a)). For the silicon nitride surface, the wear resistance of the reference CVD 
silicon nitride and etched MEMS substrate were very similar. However, as found 
for the SAM coated MEMS gear, the presence of an OTS layer significantly 
improves the wear resistance (Figure 7.6, b)). Using scanning probe microscopy 
(SPM), Liu and Bhushan have studied the adhesion, friction and wear properties of 
SAMs formed on silicon and found that SAMs improve the wear resistance |i261.
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They proposed that a critical load exists during wear tests on various SAM-coated 
substrates (Figure 7.9). Below the critical load, SAMs become reoriented but 
remain on the surface. Above this load, SAMs are removed from the surface due to 
the weak interfacial bond strength and severe wear of substrate is observed. In our 
cases, this critical load is not as obvious as seen in the work of Liu and Bhushan 
|126!, but the presence of OTS monolayers clearly improve the wear resistance of 
MEMS surfaces.
£
f
o■a>
Normal load (jiN )
Figure 7.9 Illustration of the wear mechanism of SAMs with increasing normal 
load by Liu and Bhushan l1261.
It is worth pointing out that the best improvement in the wear resistance for SAM 
coated surfaces compared to uncoated surfaces is observed for loads in range of 50 
pN to 70 pN for both polysilicon and silicon nitride. The wear resistance improves 
by a factor of 2 on polysilicon and 3 on silicon nitride, respectively. For 
polysilicon, our results compare well to those obtained by Liu and Bhushan, who 
also found an improvement in wear resistance by a factor of 2 when polysilicon was 
coated with a 4,4-dihydroxybipheyl SAM layer ,1261.
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Lu et al. observed a dramatic drop of friction force on a polytetrafluoroethylene 
(PTFE) coated silicon nitride surface 11271. The improvement in wear resistance of 
the unctched to etched silicon nitride MEMS substrate is 3 times compared to 2 
times oil the MEMS polysilicon gear. The better performance of the OTS coating 
on the silicon nitride compared to polysilicon is probably due to the oxidation of the 
OTS coated polysilicon surface, reducing its wear resistant properties. SAM 
deposition is introduced in detail in Chapter 2 and Chapter 6. Oxidization of 
silicon/polysilicon with H2O2 is necessary since the SAM molecules only react with 
Si-OH bonds on the surface. Covalent Si-O-Si bonds are formed by the reaction 
between the hydroxide groups and the silanol groups present on silicon/polysilicon 
surface. However, this Si-O bond is found to be vulnerable to hydrolysis through 
water penetration 1741. Angst and Simmons also reported that at high relative 
humidity, water absorbed by the organosiloxane monolayers is mainly attached at 
silanol sites at the silica-silane interface ll28'. For the silicon nitride, Maboudian 
showed that no oxidation is required for monolayer formation 11291. He attributed 
this to the polar nature of the silicon nitride surface, on which a water layer forms 
under ambient conditions. Furthermore, the monolayer grew initially more rapidly 
on Si3N4 compared to S i02 and it was found to be of similar quality although fewer 
silanol bonding sites were present on silicon nitride surfaces. Less bonding sites 
might be helpful to form relatively dense and well-ordered monolayer coating due 
to the sterically repulsive arrangement between cross-linked OTS molecules 11301.
As stated above that the Si-0 bond is vulnerable to hydrolysis *741, our angle- 
resolved XPS data have also shown that after a period of time stored in air, the OTS 
SAM formed on polysilicon is less stable than that on silicon nitride (Chapter 6). 
As polysilicon is the main construction and functional material used in MEMS, 
instability of the SAM will give rises to a lower improvement in the lifetime of 
SAM coated MEMS devices if they are left in air for sometime
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7.4 CONCLUDING REMARKS
The wear properties of MEMS and the impact of the SAM coating 011 the wear 
resistance of the MEMS surface in comparison with other reference materials, such 
as silicon wafers, LPCVD polysilicon layers and CVD silicon nitride layers have 
been studied using AFM with a diamond-tipped probe.
The AFM wear studies show that MEMS surface asperities (associated with 
deposition parameters of the polysilicon and silicon nitride) will have 110 obvious 
detrimental effect 011 the bulk wear resistance (assuming no bulk mechanical 
failure) and will be worn flat with higher applied load.
The presence of a SAM layer improves the wear resistance of the MEMS 
polysilicon gear by a factor of 2 with applied load from 50 jjN  to 70 pN in 
comparison with that of the LPCVD polysilicon layers without a SAM monolayer 
although a critical load for SAM removal is not obvious from our results.
On the MEMS silicon nitride substrate, wear resistance is about 3 times higher than 
the CVD silicon nitride layer without the SAM coating. The high stability of the 
SAM formed on the silicon nitride is the probable cause of the increase wear 
resistance of SAM coated silicon nitride compared to SAM coated polysilicon.
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CHAPTER EIGHT
WEAR MECHANISMS OF MEMS 
MATERIALS
8.1 INTRODUCTION
The wear of MEMS and other materials was discussed in Chapter 7 and it was 
shown that the SAM can improve the wear resistance of MEMS due to its action as 
a lubricant layer. Unfortunately MEMS gears are too small for nanowear 
mechanistic studies as it is necessary to create large wear scars using a diamond- 
tipped AFM for study by SEM. In this Chapter the wear behaviour of the silicon 
wafer, the LPCVD polysilicon layer and the CVD silicon nitride layer are 
investigated. CVD deposited polysilicon and silicon nitride layers are the building 
blocks of MEMS and information on their wear mechanisms will be useful in 
understanding their operation as a function of lifetime.
8.2 WEAR OF THE SILICON WAFER
Figure 8.1 shows secondary electron images of the wear scar and debris produced 
on the reference silicon wafer at different normal loads after one scan cycle. The 
specimens used for SEM were not re-examined by AFM after the initial wear in 
order to keep the wear debris in the wear region 1132l  In all of the following 
nanowear experiments, the wear debris was found at the end of the wear scar, in the 
tip sliding direction. So in the results present here on the silicon wafer, the tip was 
scanned vertically.
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Figure 8.1 SEM micrographs of AFM wear scars at different normal loads on the 
silicon wafer after one scan.
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The wear debris generated at 20 pN was very fine. The depth of the wear scar was 
3.7 ± 0.12 nm. At 40 pN load, the wear depth was five times higher than that 
formed at 20 pN (wear depth 18.4 ± 0.10 nm) and the form of the debris was 
different. The wear debris produced at 40 pN is ribbon-like, similar to that 
generated when scratching ductile metals or alloys. When the normal force reached 
60 pN, ribbon-like debris was again formed, but the inside of the scar now appears 
rougher. The wear depth was 46.9 ±0.10 nm (approximately 13 times higher than 
that generated at the 20 pN load).
8.3 WEAR OF THE LPCVD POLYSILICON AND CVD SILICON 
NITRIDE LAYERS
The wear marks and debris produced on the LPCVD polysilicon layer at different 
normal loads after one scan cycle are shown in Figure 8.2. Unlike on the silicon 
wafer, there is not very much wear debris generated even at the normal load of 40 
pN on the polysilicon layer. The wear depth at 40 pN was 11.2 ± 0.20 nm. 
Increasing the load to 60 pN produced some semi-fibrous debris and the depth of 
wear scar increased to 19.3 ± 0.12 nm. At 70 pN, more ribbon-like debris was 
formed, but the fibrous material generated here is shorter and thicker than that 
produced on the silicon wafer. The wear depth was 26.8 ± 0.12nm.
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1J
Figure 8.2 SEM micrographs of AFM wear scars at different normal loads on the 
LPCVD polysilicon layer after one scan (tip was scanned horizontally).
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Figure 8.3 shows the results of nanowear experiments undertaken on the CVD 
silicon nitride layer at different normal loads after five scan cycles. More cycles 
were required due to the good wear resistant properties of silicon nitride. When the
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Figure 8.3 SEM micrographs of AFM wear scars at different normal loads on the 
CVD silicon nitride layer after five scans (tip was scanned vertically).
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normal load is low (20 (_iN), there is hardly any wear even after 5 cycles. The wear 
depth was 2.5 ±0.11 nm. Increasing the normal load produced more debris. The 
wear depths at 40, 60 and 70 pN were 4.9 ± 0.12, 9.0 ± 0.20, 11.4 + 0.12 nm. The 
debris was fine and has a particulate form, similar to the debris generated on the 
silicon wafer and polysilicon layer at lower loads. Interestingly, unlike on the 
silicon samples, the form of the debris does not change as a function of load (or 
wear depth).
8.4 THE EFFECT OF CONTACT PRESSURE ON WEAR  
PROPERTIES OF MEMS MATERIALS
Measuring the wear depth as a function of applied force on various thin films can 
provide useful information on explaining their wear mechanisms [9, 127, 1331. 
However, due to the markedly different material behaviour at submicron scales, 
wear performance is not only dependent on the load used, but also on the 
microstructure sensitivity of the material like Young’s modulus and contact 
conditions such as contact area and pressure. Consequently, contact pressure versus 
wear amount is a more suitable method of judging the wear mechanism of materials 
because it takes materials’ mechanical properties, such as Young’s modulus and 
Poisson's ratio, into consideration.
The specific wear amount can be obtained from the Archard wear equation 11341:
Q =
KW
H
( Eq. 8-1)
where Q is volume worn per unit sliding distance; W is the normal load; H is the 
hardness of the surface and K is a constant, usually termed the wear coefficient. For
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engineering applications the quantity K/H is often more useful (generally called the 
dimensional wear coefficient or specific wear amount) [1351, which represents the 
volume of material removed by wear (in mm3) per unit distance slid (in meters), per 
unit normal load on the contact (in Newtons). The specific wear amount is 
particularly helpful for comparing wear rates in different classes of materials. It can 
be obtained by measuring the depth o f a wear track at different loads combined 
with a known scan area from the AFM experiments.
The maximum contact pressure P can be approximately estimated from Hertzian 
theory11361:
P = [6FE.7ti3R2]1/3 ( Eq. 8-2)
where F is the load, R is the radius of curvature of the AFM tip and E. is the 
reduced Young’s modulus o f tip and sample. E. can be calculated from the 
following equation:
E* = ( l V / E i  + l-v22/E2)‘1 ( Eq. 8-3)
where Vi and v2 represent Poisson’s ratio of the tip and the sample, respectively. 
The Young’s modulus and Poisson’s ratio of diamond, silicon, silicon nitride and 
polysilicon are well known quantities and values have been taken from references 
11371 and I1381.
In Eq. 8-2, R  needs to be determined for the experimental setup used. For the 
diamond tip employed in this work, it is possible to determine R using a special Si 
grating sample11391. The grating is a silicon wafer that has been etched to form sharp 
spikes of «700 nm in height with tip curvature of less than lOnm (NT-MDT, Si 
grating TGT01). Since the spikes are significantly sharper than the AFM tip,
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imaging the spikes actually produces a profile of the AFM tip (see Figure 8.4). 
From the section analysis, the tip radius was determined to be approximately 120 
nm.
Section analysis
Tip radius: ~ 120nm
^  O 0 . 2 5  0 . 5 0  0 . 7 5  1 . 0 0
Figure 8.4 AFM micrographs and section analysis of the diamond tip by scanning 
slicon grating TGT01. The radius of the tip was determined to be approximately 
120 nm.
Figure 8.5 shows the effect of maximum contact pressure on the specific wear 
amounts of MEMS materials at different loads. At a maximum contact pressure of 
lower than 12 GPa, a small amount of silicon wafer is worn away whilst no obvious
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wear is observed on the LPCVD polysilicon and CVD silicon nitride layers. Above 
15 GPa the latter two materials started to wear. The silicon wafer shows a rapid 
increase in specific wear once the maximum contact pressure is raised above 12 
GPa. Polysilicon exhibits a steady linear increase in specific wear with increasing 
maximum contact pressure whereas silicon nitride shows little change in the 
specific wear over the range of the maximum contract pressure applied.
Figure 8.5 The specific wear amount of a silicon wafer, LPCVD polysilicon layer 
and CVD silicon nitride layer as a function of maximum Hertzian contact pressure 
(Numbers along the line indicate the corresponding loads in pN).
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8.5 DISCUSSION
Wear is defined by Kato and Adachi as a phenomenon of material removal from a 
surface due to the interaction with a mating surface |l40'. The dominant wear 
mechanism of a material can change from one type to another due to reasons such 
as contact geometry, surface roughness, microslructural features, grain size, load 
applied and operational conditions. Wear generates debris and this wear product 
provides valuable information in the identification of wear mechanisms.
Silicon is the basic substrate material in the manufacture of the chips in the 
semiconductor industry and more recently, in MEMS. Researchers have conducted 
a number of investigations trying to understand the tribology of the silicon and 
polysilicon films used in the construction of microdevices 1141-1431 and characterize 
mechanical properties of polysilicon films 1144-143lt One study on silicon showed that 
at lower loads, material removal under two-body abrasion is via ploughing while 
cutting occurs at higher loads 11321. Zhang and Zarudi observed a crystalline to 
amorphous phase transformation in their work on abrasion/indentation I1461. They 
claimed that the propagation of deformation generated by three-body abrasion 
depends on the size of slurry particles. When the penetration depths of the particles 
are of the order of a micron, cracking occurs and brittle fracture dominates the 
material removal. Nevertheless, when the penetration depth of particles/asperities 
are fractions of a micron, both two-body and three-body contact sliding can lead to 
a ductile mode of material removal. Kovalchenko et al. has also proposed that under 
load, silicon can transform to a metallic state 11471.
From our experiments on the reference silicon wafer, at loads up to 20 pN, the wear 
debris was very fine. Analysis of our ARXPS measurements recorded from the 
MEMS gear using the NPL Arctick software give an oxide thickness of 1.6 nm. 
(This is in good agreement with other values quoted in the literature 11481). The wear 
depth at 20 pN was found to be 3.7 nm. Consequently, a major fraction of the worn 
material corresponds to covalently bonded silicon oxide. At higher loads, the wear 
debris changes to a ribbon-like form indicative of metallic bonding and ductile 
fracture. Wear debris in the form of ribbon-like strips was also observed by Scott
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and Danyluk in their scratch experiments performed on S i [149f. They concluded that 
silicon experienced significant plasticity during scratching at room temperature.
From the relationship between the maximum contact pressure and the specific wear 
amount of the reference silicon wafer, we can see that with a maximum contact 
pressure less than 12 GPa, only a small amount of silicon is worn away (Figure 
8.5). However, increasing the contact pressure causes a remarkable increase in the 
wear amount, which indicates a change of wear mechanism. At a contact pressure 
of 15 GPa, the specific wear amount is almost double that at 12 GPa. Jasinevicius et 
al. observed a transition to the metallic state when the contact pressure is in the 
range of 11.3 ~ 12.5 GPa 11301 (which is comparable with the hardness of silicon, 10 
GPa |l3l]). Bhushan and Kulkarni also reported that significant plastic deformation 
occurs on silicon at contact stress higher than 12.7 GPa |I521. These values are in 
excellent agreement with the results given in Figure 8.5. At higher pressures, silicon 
suffered severe plastic deformation and the form of the wear debris is consistent 
with that of a ductile material 11331. The small specific wear amounts on silicon 
below 12 GPa indicate the removal of the native silicon oxide layer.
On the LPCVD polysilicon layer, not much wear debris occurs in comparison with 
that on the silicon wafer at normal loads up to 40 juN (Figure 8.2). Some semi- 
fibrous debris was generated at a load of 60 pN. At 70 pN, ribbon-like debris is 
formed, but the ribbons are shorter and thicker than those produced on the silicon 
wafer. The wear amount increases linearly as the maximum contact pressure 
increases from 17 GPa to 26 GPa. However, at the same contact pressure, for 
instance, 17 GPa, the wear rate of polysilicon is much lower than that of the silicon 
wafer. This is probably due to the increased hardness, reduced grain size and high 
density of grain boundaries in the polysilicon microstructure. The hardness of 
material is one of the important parameters for determining abrasion resistance *154' 
1 51. Ekberg 11561 stated that hardness of material shows a linear relationship with 
wear resistance (different slopes for pure materials and alloys).
The yield strength is known to increase as the grain size decreases according to 
Hall-Petch equation ,I5?1:
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Gy = Go + kyd - 1/2 ( Eq. 8-4)
where G y is the yield strength, d is the average grain diameter and g o  and ky are 
constants for a particular material. As the yield strength of a material is generally 
proportional to the hardness, it follows that hardness will also increase as the grain 
size decreases. TEM data in Chapter 5 show that LPCVD polysilicon layers have 
grain sizes of the order of less than a micron whereas silicon wafers are single 
crystals. Bhushan and Li reported that for polysilicon, the hardness is 12.6 GPa 
while for silicon, it is 10 GPa 11311. This is probably a contributing factor to the 
higher force required in generating ribbon-like wear debris on polysilicon layer 
compared to that on the silicon wafer. Furthermore, the size of ribbon-like debris 
produced on polysilicon layer is similar to its grain size.
Silicon nitride exhibits better wear resistant properties to single crystal silicon and 
polysilicon. The higher hardness of silicon nitride (20 GPa) is a strong contributing 
factor to this ,l38! In addition, its good wear resistance has been suggested to arise 
from a tribochemical reaction with water molecules ,1S9460! A silicon hydroxide 
film is formed and this film acts as a lubrication layer decreasing the wear rate 
accordingly.
Regarding wear of the silicon nitride with contact pressure in our experiments, one 
wear cycle at pressure of 19-29 GPa did not lead to the generation of a wear scar or 
wear debris. However, even at a low pressure of 19 GPa, 5 cycles does lead to 
observable wear. This value is comparable with that reported by Eyzop and 
Karlsson l161'. They studied the influence of environment on the cyclic contact 
fatigue of silicon nitride using a WC ball to simulate the loading conditions in a 
hybrid bearing and found that in air, no damage of silicon nitride surface after 200 
xlO cycles at a contact pressure of 12 GPa. Small wear scars and cracks were
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observed only when contact pressure reached 15 GPa. From the SEM images of the 
silicon nitride wear scars up to the maximum contact pressure of 29 GPa. no cracks 
were visible and only fine wear debris was produced. The absence of cracks may be 
due to a difference in the actual surface contact between the ball and counterpart in 
macrowear measurements and the diamond tip and counterpart in nanowear 
experiments. The hardness of silicon nitride is reported to be 20 -  24 GPa |l38, 1621, 
therefore plastic deformation should be expected around 25 GPa in Figure 8.5. 
However, for ceramics, it is not only the hardness, but also the fracture toughness 
and the grain boundaries properties that affect wear resistance I163-164'. Fischer et al. 
studied the wear of various ceramics, such as silicon nitride, zirconia and alumina 
and concluded that sliding wear proceeds predominately by fracture with the 
generation of very fine wear particles 11631. From our wear results performed on the 
silicon nitride layer in the range of 19 ~ 29 GPa after 5 cycles, brittle fracture is the 
only operative wear mechanism.
8.6 CONCLUDING REMARKS
Using a diamond-tipped AFM together with SEM, the wear mechanisms on the 
reference silicon wafer, the LPCVD polysilicon and the CVD silicon nitride layers 
(the main materials used to manufacture MEMS) have been studied.
From these studies, in the load range of 10-70 pN, the wear mechanism of single 
crystal silicon and LPCVD polysilicon is abrasive wear at lower loads and a cutting 
process associated with plastic deformation at higher loads. For CVD silicon nitride 
the wear mechanism is abrasive wear at all loads.
From the effect of maximum contact pressure on the specific wear amounts of 
MEMS materials including the silicon wafers, the LPCVD polysilcon layers and the 
CVD silicon nitride layers. It suggests that the shallow slope of silicon nitride is 
typical of brittle fracture and the steep gradient of silicon typical of cutting wear
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through plastic deformation. The polysilicon exhibits an intermediate slope which 
indicates aspects of both processes.
In the wear experiments using AFM diamond-tipped probe, it is mainly two-body 
wear since most of the wear debris produced has been swept to the edge of the wear 
scars. However, regarding the MEMS in service, the debris generated between two 
mating surfaces during sliding may be trapped in the wear track, which contributes 
to three-body wear. This will be further discussed in next Chapter.
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CHAPTER NINE
DISCUSSION: SAMS AND WEAR 
MECHANISMS OF MEMS
9.1 INTRODUCTION
There is a growing interest in MEMS that enable integration of electrical and 
mechanical operations on a single silicon microchip l166!  Their mechanical 
properties and potential applications are the subject of intense current research. 
Polysilicon and silicon nitride are employed as structural and electrical isolation 
materials in these three-dimensional layered structures, while silicon dioxide is used 
as a sacrificial layer to obtain free-standing microstructures *10! Due to the high 
surface area to volume ratio, these microstructures are vulnerable to adhesion upon 
contact, a phenomenon commonly known as stiction l16, 171. SAMs are widely 
employed to reduce stiction in the release procedure during MEMS manufacture 
processes (dissolution of the sacrificial layer) [19!
Tribological issues are becoming critical in MEMS, especially between contacting 
surfaces as they limit the lifetime o f many mcirodevices [167!  Scientists at the 
Sandia Laboratory intensively test the lifetime of the microstructures, such as 
micromotors, microgears and microactuators by providing appropriate electrical 
signals to the related devices 1331. Generally, these devices run smoothly to start 
with, but they experience excess friction or wear after some time in operation. The 
wear mechanisms of materials used for MEMS manufacture like silicon l9J, silicon 
nitride 1168 1691 and silicon carbide l27,1703 have also been widely investigated both on 
the microscale and macroscale and some corresponding wear mechanisms have 
been proposed. Researchers further studied the effects of SAMs on the wear
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behaviour of MEMS-materials under the same operational parameters in order to 
improve their mechanical properties I171-172!,
AFM is increasingly used to study surface topography, adhesion, friction, wear and 
measurement of mechanical properties on a micrometer or nanometer scale ll2S1. It 
uses a sharp probe scanning over a sample. With a diamond tip mounted on a stiff 
cantilever beam, and applying a force to this cantilever, AFM can be used to 
simulate single asperity wear studies of materials. Wear studies on MEMS 
materials using AFM have been reported by several research groups 1173‘17S]. Their 
work showed that AFM is a potent technique to perform wear investigations at the 
nanoscale level. However, as we described in Chapter 3, there is a vertical distance 
limit for the AFM scanner due to its working principle, therefore extreme care 
needs to be taken when obtaining either AFM images or performing wear studies of 
a specimen containing components at various heights, for example, MEMS. 
Otherwise the cantilever or the tip will be at risk of being damaged (Figure 9.1). 
This may be the reason why friction and wear studies involved AFM were 
undertaken mostly on silicon or other coated substrates rather than on a real, fully 
functional MEMS.
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Figure 9.1 A bent AFM diamond probe cantilever (bottom) resulting from the 
height of component on MEMS exceeding the movement limit of AFM scanner.
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9.2 EFFECT OF SAM ON WEAR BEHAVIOUR
Due to their excellent property of reducing friction and adhesion in MEMS devices, 
organosilane SAMs formed on oxidized silicon substrate have been widely 
investigated I176'177l. With the development of AFM techniques, researchers have 
successfully characterized the nanotribological properties of SAMs. Several 
research groups reported the effect o f load and velocity on the friction I178-179!, 
Bhushan et al. showed that Ci8 alkylsiloxane films exhibit the lowest coefficient of 
friction compared to langmuir-blodgett (LB) films and hard Si02 coatings 11801. His 
group also proposed that a critical load exists during wear tests on various SAM- 
coated substrates beyond which the SAM is removed [126\  Whereas Klein et al. used 
the concept of a ‘molecular brash’ to explain the reduced frictional forces on mica 
sheet bearing end-grafted polystyrene chains l1811. Despite these proposed models o f 
the wear behavior of SAMs, the wear mechanism of the monolayer during wear 
processes is still not well understood.
From Bhushan’s work, the presence of a SAM improves the wear resistance of 
coated substrate at all applied loads 11261. This is also shown in our experiments 
regarding wear behaviour of OTS coated MEMS polysilicon gears and substrate. 
However, unlike that suggested by Bhushan et al., there does not seem to be an 
obvious critical load for removal of the OTS from the MEMS surfaces in the load 
range from 10 to 70 pN (Figure 7.7). On the contrary, the monolayer still takes 
effect at loads as high as 70 pN. Bhushan et al. conducted detailed wear studies on 
silicon wafers using OTS as a monolayer coating and concluded that this Ci8 film 
could withstand a normal load much higher than 40 pN 11251. However, this normal 
load is about 10 times higher than that which they declared as the critical load in the 
model (less than 5 pN) shown in Figure 9.2.
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Figure 9.2 Illustration of the wear mechanism of SAMs with increasing normal 
load by Liu and Bhushan11261.
In addtion, from the wear depth as a function o f normal load diagram, the 
monolayer coating continuously works even at the load higher than the critical load 
(Figure 9.3). However, this evidence disagrees with their own critical load model in 
which SAMs are removed from the surface due to the weak interfacial bond 
strength above the critical load. Hence, the same wear depth should be observed for 
silicon and silicon + DHBp SAM above this critical load. The critical load model 
seems to be oversimplified and a more sophisticated model which can explain the 
observed behaviour will now be presented.
Chapter Nine - Discussion: SAMs and Wear Mechanisms o f  MEMS
JZ
0)JZ
8
■g
3
0
1 §
a
Normal toad <gN)
Figure 9.3 Wear depth as a function of normal load after one scan shown by Liu 
and Bhushan (4,4'- Dihydroxybiphenyl, DHBp) [1261.
9.3 ‘BREAK AND STAY’ LUBRICATING MODEL
From the wear behaviour of OTS coated MEMS polysilicon gears and silicon 
nitride substrate in our experiments, we propose that the monolayer undergoes a 
‘break and stay’ mechanism. In this model, the monolayer or fractions o f the 
monolayer can be detached from their original sites during wear. These molecules 
or fragments can then stay either on the substrate surface or become attached to the 
AFM tip counterface and act as a lubricant until the load/pressure is high enough to 
destroy their lubricating function.
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This mechanism is illustrated in Figure 9.4. For the Ci8 silane, at lower loads, the 
free -CH3 end o f the molecules can become distorted. The rest o f the alkane chain is 
compressed but remains undistorted 11821. After the load is released, these molecules 
will be restored to their original structures l1191. Beyond a critical load, further 
distortion of the alkyl chains will result in molecular rupture through the C-C bond 
11831 or the Si-O-Si bonds 11841. The new-born molecular fractions can then follow 
three different routes: 0  stay on the substrate; (D transfer to the tip 11181; or (D react 
with neighboring molecular fractions11851. With regard to (D, no matter which route 
the new-born molecular fragments take, they will continue to act as partial 
monolayers and thus affect the wear behavior of the substrate until their lubricating 
function is totally destroyed at a certain applied load/pressure. It is well known 
from AFM biological studies that the tips can be used to pick up and manipulate 
molecules in biological studies l186"187!. Researchers have also reported that 
modified tips successfully improve the resolution of AFM images 11881 and reduce 
the adhesion force between the tip and the substratel1891. So even if the monolayer 
on the substrate is removed, those molecules remaining attached to the AFM tip can 
act as lubricant between the tip and the substrate.
Hence, in the microengine gears o f MEMS devices, molecular fractions attached to 
one gear can transfer to a counterpart gear surface during rotation. These molecular 
fractions will then contact with the gear surface again in the next rotation. 
Therefore, these fragments can stay on the surface and function as lubricant for a 
long period in a closed system like MEMS.
During SAM coverage, intermolecular cross-linkage is important to stabilize the 
film, since the density o f Si-OH bonds on the surface is not high enough for all 
molecules to be immobilized by the Si-0-Sis (Sis stands for surface Si) covalent 
bond 11021. However, the cross-linked neighboring silanes are difficult to form due to 
steric hindrance, and the quality o f SAM significantly depends on temperature and 
coating time [24’ 1901. Tripp and Hair studied the effect o f temperature on the 
trichloro-silane coating on silica11911. Their experiments showed that the cross-
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AFM wear.
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linking process was more completed at 200°C than at room temperature. 
Furthermore, Fadeev and McCarthy have reported that horizontal polymerization 
self-assembly is not the only reaction 11853. Poly condensation into 3-D siloxanes 
grafted to the surface can become dominant if there is enough water in the system. 
Buildup of organic films were also observed by the Almanza-Workman research 
group 11771. Heat produced by the tip rubbing the surface may raise the temperature 
within a small area, favouring this reaction between the fractional molecules 
attached on the tip and those which remain on the surface as shown in Figure 9.4.
The edges of moving components in the MEMS can have a pronounced influence 
on the surface coverage and density of the SAM, and thus complicate its wear 
properties 11923. Adsorbed silanes react primarily with active sites on the surface, 
during which, well-ordered lateral polymerization (with cross-linkage) results in the 
formation of a stable film. However, steps and defects exist on the surface can 
result in the development of a disordered SAM film and even inhibit its formation 
despite active sites being present (Figure 9.5) l1933. Defective SAM formation will 
affect the wear behaviour at low loads, but at higher loads the 'break and stay' 
mechanism proposed in Figure 9.4 will still operate.
Our results indicate that the SAM will help reduce wear of MEMS in some 
situations such as sliding wear. In a private communication, Tanner 11943 at the 
Sandia National Laboratory has suggested that the SAM is worn away after a few 
cycles while others have declared that the thickness or wettability o f the methyl- 
terminated monolayer does not change by being rubbed rigorously with a tissue or 
cotton swab even after it had been stored for 18 months in closed container in air 
3223. Sidorenko et al. reported that an OTS monolayer was stable up to 2xl04 and 
500 sliding cycles against a steel ball under 660 MPa and 1.2 GPa pressure, 
respectively 11953. The estimated contact pressure in the microengine in MEMS is 
reported to be 63 MPa [1963, and taking into consideration that the mating surface 
would also be coated with the same material, it is unlikely that the OTS monolayer 
will be worn out after a few cycles. Patton et al. showed that an OTS coating 
allowed motors to operate for nearly a billion cycles without failure at 30% RH 
whereas uncoated motors failed after about 10 millions cycles 31973. Using the ‘break
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and stay’ mechanism proposed in this section, wear resistance offered by SAMs in 
MEMS devices can be well explained.
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Figure 9.5 MEMS test structure surfaces with edges presence before and after 
reaction with SAM molecules.
9.4 STABILITY OF OTS ON MEMS GEAR AND SUBSTRATE
Water contact angles are widely used as an indication o f the quality of the silane 
based SAMs. For OTS, after heating in air to 150°C or 450°C in nitrogen, the water 
contact angle followed by cooling to room temperature does not change 1231. 
Cleavage of C-C bonds in the chain was observed above 460°C in vacuum while
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the siloxane head groups can sustain up to 830°C t1831. The chemical stability of 
these SAMs has received less attention. By studying the chemical resistance of long 
chain tri-, di- and monochloroalkylsilanes in organic solvents such as benzene and 
ethanol, Iimura et al. found that the stability decreased from trichloro- to 
monochloroalkylsilanes l1981. A dramatic loss of hydrophobicity is shown on an 
OTS coated silicon nitride substrate after storage in hot sodium hydroxide solutions 
(80°C) for 170h l" !.
Based on the XPS results of the OTS coated MEMS, it seems probable that the non- 
uniformity of SAMs formed on the substrates is a primary factor in determining 
their stability in air. The formation of both a dense organized assembly with 
vertically aligned hydrocarbon chains and domains with disordered molecules that 
have not self-assembled has been shown by AFM studies l,99‘2001. When examining 
OTS coatings prepared at 50% RH and 20°C, Ashurst et al. observed the presence 
of particulates up to several microns in diameter *1161. Almanza-Workman et al. 
identified some structural defects after SAM formation on a silicon electrode ,177! 
These defects can be classified as: © ‘pores’ where no molecules have adsorbed on 
the surface; ® ‘collapsed sites’ where differently tilted molecules at the boundaries 
of variously oriented domains lead to a thin layer; 0  ‘lying down’ molecules near 
pores that cover the defects.
Well oriented
Figure 9.6 Schematic of collapsed sites on the organosilane/silicon electrode11771.
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Our angle-resolved XPS results showed oxidation of silicon and carbon species on 
gear surface after storage in air for several months. Increasing oxidation of alkyl 
chains with time by exposure of alkylsilane-based SAMs to ambient atmosphere or 
ozone has been reported |1051. The increase in the silicon oxide thickness observed 
in our work indicates that oxygen or water attacks defective regions in the 
monolayer. Furthermore, the defective sites provide opportunities for water 
penetration into the monolayer and the nucleation of water droplets 1741 (Figure 9.7). 
This could be very detrimental to the performance of MEMS by increasing the 
adhesion energy of functional microdevices layers, potentially leading to device 
failure. Once formed, such water droplets at the interface will also laterally attack 
the silane bonds at the SAM/Si interface, undermining the integrity of the layer.
Figure 9.7 Schematic of water islanding at defect site ,74*.
Our AFM wear experiments on the MEMS polysilicon gears and silicon nitride 
substrate showed that the OTS coating improves the wear resistance better on 
silicon nitride than on polysilicon (Figure 7.7). Angle-resolved XPS spectra showed
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hardly any change on the carbon related species on silicon nitride substrate after 
storage in air for 16 months (Figure 6.6). Consequently, the OTS formed on the 
silicon nitride substrate is probably more stable than that on the polysilicon surface.
Silicon nitride has a thin native silicon oxide layer and its surface can be activated 
by piranha solution (H2SO4/H2O2, 3:1) l201*202!  The surface then contains silanol 
and silazane groups l2031, but in the presence of water and low pH, hydroxyl groups 
are mainly found 12041. Maboudian showed that even no oxidation is required for 
monolayer formation on silicon nitride f129!  He attributed this to the polar nature of 
the silicon nitride surface, on which a water layer forms under ambient conditions. 
Kolbel et al. recently demonstrated that trichloro-silane based SAMs formed on 
Si3N4 can be stored at ambient conditions for months without change in their 
propertiesI20S!  They are stable against repeated washings with organic solvent such 
as ethanol and hexane. Furthermore, water contact angles are constant after 
immersing in water for 24h and storing in oven at 100°C for 2h. Surprisingly, they 
are also relatively stable in piranha solution. Unfortunately, they did not consider 
the reason for increased durability of SAMs on Si3N4. Nevertheless, the excellent 
stability of SAMs on Si3N4 in ambient and aggressive conditions shown from their 
studies is in good agreement with what we observed on our OTS coated silicon 
nitride substrate.
Silicon/polysilicon is the base/functional material used in microstructure 
fabrications. Silane-based SAMs are widely employed to reduce release and in-use 
stiction in silicon-based microdevices. Some of them, such as acceleration sensors 
used in airbags, work under ambient environment and might be left inactive for 
years before taking action p6!  If  the SAMs on silicon degrade, its function will be 
weakened during storage time and the driver’s life will be put in danger. The SAMs 
deposited on n-type polylisilicon have been reported to not be well ordered 110°! 
The wear performance of the monolayer may be adversely affected. How and to 
what extent it could affect the stability o f SAMs during MEMS operation is not 
known. More investigations are needed to understand not only the thermal stability, 
but also the chemical stability o f monolayer coatings exposed to different 
environments in order to improve the lifetime o f microdevices.
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9.5 CONTACT PRESSURE AND WEAR MECHANISM OF 
MEMS MATERIALS
The understanding of contact at MEMS interfaces is critical because many 
components designed in MEMS undergo contact during operation I206 2071. Wear of 
various materials used for MEMS manufacture was intensively studied as a 
function of load rather than pressure using either AFM P1 or traditional ball-on-disk 
tribometer methods 12081. However, load alone cannot be used to judge the wear 
mechanism due to the difference in elastic and shear moduli between materials 12091. 
A certain load might cause abrasive wear for one sliding couple but plastic 
deformation in another.
Figure 8.5 provides us with information for determining wear mechanisms as a 
function of contact pressure of the selected materials such as silicon wafers, 
LPCVD polysilicon layers and CVD silicon nitride layers in the case of a hard 
asperity sliding over a soft material. It suggests that the shallow slope of silicon 
nitride is typical of brittle fracture and the steep gradient of silicon typical of cutting 
wear through plastic deformation. An intermediate slope of the polysilicon layer 
indicates aspects of both processes.
Regarding the functioning of MEMS in service, wear material or debris was 
produced between two mating surfaces after a period of time in operation 1361 
(Figure 9.8). Some debris generated during sliding is swept out of the wear track 
and can be observed 11511. The wear debris that remains in the wear track is exposed 
to continued fracture, deformation or chemical reaction in subsequent sliding and 
constitutes a ‘third body’ which thus affects the contact stress and wear (Figure 9.9) 
[2101. On the MEMS, ‘three-body’ wear may result in different failure mechanisms. 
These are: failure by particle contamination binding the device or
144
Chapter Nine - Discussion: SAMs and Wear Mechanisms o f MEMS
Figure 9.8 Debris generated around the hub region (a) and gear surface (b) on a 
microengine 1331.
Two body contact
Figure 9.9 Schematics of two-bodies and three-bodies contact of surfaces ,2nl.
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obstructing motion of rubbing surfaces; or by changing the motion tolerance and 
adhesion between two contacting materials 1361. The temperature reached during 
rubbing may affect the wear mechanism 12121. Material may be rubbed off the 
contacting surfaces or oxidized first, then rubbed off 1361. Third-body wear is 
considered to be the main wear process that leads to failure of the microdevices
[196]
Unfortunately, we are unable to characterize a worn MEMS device due to the lack 
of availability of worn samples. If  ‘three-body5 wear occurs during MEMS 
operational life, determination o f the wear mechanism according to the slope 
difference would not be applicable because in our wear experiments using a 
diamond tip, most of the wear debris has been swept to the edge of the wear scars. 
Nevertheless, for the sliding wear of two mating surfaces (with different hardness) 
at the microscale, wear mechanisms can be determined from the different slopes 
shown in Figure 8.5.
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CHAPTER TEN
CONCLUSIONS AND FUTURE WORK
10.1 CONCLUSIONS
In this thesis, we have studied the surface and wear properties o f a silicon based 
MEMS test structure with an OTS monolayer coating using analytical techniques 
such as AES, XPS, TEM and AFM. Based upon our experimental data and 
analysis, the following conclusions are drawn:
1) Auger spectrometry, XPS and AFM force-distance measurements indicate the 
presence of an OTS layer formation on the MEMS surfaces.
2) An island-like morphology is found on the MEMS polysilicon gear and silicon 
nitride substrate using SEM and AFM. The islands exhibit diameters up to 0.5 pm 
and heights up to approximately 20 nm. It is evident from both SEM and TEM 
cross sections that this surface structure is not associated with columnar growth of 
these layers. The mechanism of island formation is still not clear, but it is most 
probable that the island-like morphology develops wither as part of the LPCVD 
growth process or as a result o f surface diffusion after the deposition has finished,
3) AFM wear studies show that the islands (associated with deposition parameters 
of the polysilicon and silicon nitride) on the MEMS surface will be worn flat in the 
early stages of wear. They will have no obvious detrimental effect on the bulk wear 
resistance (assuming no bulk mechanical failure).
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4) The presence of a SAM layer improves the wear resistance of the MEMS 
surface. Compared with the uncoated LPCVD polysilicon layer and CVD silicon 
nitride layer, wear resistance of the MEMS polysilicon gear improves by up to 2 
times while that of the silicon nitride substrate improves by up to 3 times. The high 
stability of the SAM formed on the silicon nitride is the probable reason for the 
increased wear resistance of the SAM coated silicon nitride compared to SAM 
coated polysilicon,
5) Wear studies on the main materials used for MEMS manufacture, silicon wafers, 
LPCVD polysilicon and CVD silicon nitride layers show an increase in the wear 
depth with increasing normal load. In the load range o f 10 ~ 70 |iN, the wear 
mechanism on single crystal silicon and LPCVD polysilicon is abrasive wear at 
lower loads and a cutting process associated with plastic deformation at higher 
loads while on CVD silicon nitride layer, it is abrasive wear at all loads.
From the effect of maximum contact pressure on the specific wear amounts of the 
above materials, the results suggest that the small slope for silicon nitride is typical 
of brittle fracture and the steep gradient of the silicon wafer typical of cutting wear 
through plastic deformation. The polysilicon exhibits an intermediate slope which 
indicates that both processes are in operation.
6) The SAM acts to improve the wear resistance over a wide lad range. At low 
loads (two body wear), the SAM will act as a protective surface layer. At high loads 
(three body wear), the SAM layer will be destroyed, but molecular fragments will 
adhere to both substrate and counterpart surfaces. There fragments will lower the 
friction by acting as a lubricant between the mating surfaces.
10.2 FUTURE WORK
Following the investigations described in this thesis, several lines o f research could 
be taken up.
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Firstly, the work on the wear properties o f the MEMS surface and other reference 
materials such as the silicon wafer, the LPCVD polysilicon layer and the CVD 
silicon nitride layer could be considered in more detail. Changing experimental 
parameters such as the relative humidity, vacuum environment, different AFM tips 
and larger load at mN scale would yield useful data on the wear of MEMS devices 
in different service environments.
A second line of research, which follows from chapter 7, is to investigate the 
performance of the SAM coating during wear. Measurement of friction coefficient 
in the wear scar could provide promising information on the change of SAM 
surface and the removal o f SAM.
Thirdly, the formation of island-like morphology on the LPCVD polysilicon layer 
and silicon nitride layer needs to be further investigated. AFM has proven to be an 
extremely useful characterization instrument for taking images of various samples. 
In addition, combined with a phase shifting interferometry technique, which is used 
to quantify surface topography, valuable information would be obtained during 
deposition procedure o f these materials.
TEM was employed in our experiments to study the microstructures of the 
polysilicon gears. It could be also used to view the subsurface o f the wear tracks 
and the wear debris. This would enable us to better understand the wear 
mechanisms of the MEMS materials.
Finally, oxidation of SAMs under different humidity and temperature conditions 
needs to be studied. The stability o f various SAMs deposited on various substrate 
materials could offer more choices for improving the operational lifetime of the 
MEMS in service.
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